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INTRODUCTION 


Morphogenesis  of  the  mammary  gland  is  a  highly  complex  process  which  when  misregulated  can  result  in 
tumorigenesis.  It  involves  the  interactions  of  multiple  cell  types  in  a  highly  regulated  manner  with  complex 
signal  transduction  pathways  coordinating  the  physiological  processes.  Interactions  between  epithelial  and 
mesenchymal  cells  are  known  to  be  important.  However,  recent  studies  are  beginning  to  highlight  the 
importance  of  other  cell  types,  such  as  macrophages.  One  of  the  signaling  molecules  that  appears  to  be  critical 
in  regulating  the  dynamic  changes  during  normal  and  neoplastic  development  is  the  nuclear  factor-kappa  B 
(NF-kB)  family  of  transcription  factors.  NF-kB  can  regulate  many  genes  that  are  expressed  by  macrophages  that 
are  important  for  proliferation  and  apoptosis  of  cells,  as  well  as  remodeling  and  angiogenesis.  This  proposal 
seeks  to  investigate  the  contribution  of  NF-kB  signaling  within  macrophages  in  defining  the  macrophage’s  role 
in  normal  and  neoplastic  mammary  development.  The  proposed  experiments  use  multiple  murine  lines  and 
novel  assay  systems.  These  studies  will  provide  information  regarding  the  signaling  pathways  involved  in 
normal  mammary  development.  They  will  also  provide  insights  into  the  importance  of  NF-kB  signaling  in 
macrophages  for  tumor  development  and  progression  and  will  have  the  potential  for  identification  of  novel 
therapeutic  strategies. 

BODY 

Task  1.  To  investigate  the  effects  of  constitutive  NF-kappaB  activity  within  macrophages  on  mammary 
development  (Months  1-24): 

a.  Perform  fetal  liver  cell  transplantation  using  IkappaB-alpha  null  and  control  donors  at  postnatal  day  19  to 
determine  effects  on  virgin  postnatal  mammary  development  of  constitutive  NF-kappaB  activity  in  reconstituted 
hematopoietic  cells  (Months  1-24).  [100  mice] 

b.  Perform  fetal  liver  cell  transplantation  using  IkappaB-alpha  null  and  control  donors  into  recipients  at  6 
weeks.  Allow  hematopoetic  cell  reconstitution  for  a  further  6  weeks.  Mate  recipient  mice  and  investigate  effects 
on  development  during  pregnancy  of  constitutive  NF-kappaB  activity  in  hematopoietic  cells  (Months  1-24). 
[100  mice] 

Our  lab  and  others  have  generated  IkBcx  deficient  mice  (Chen  et  ah,  2000;  Chen  et  ah,  2000b;  Beg  et  ah, 
1995;  Klement  et  ah,  1996).  In  these  animals  the  major  inhibitor  of  NF-kB  is  absent  resulting  in  constitutive 
activity.  Neonatal  lethality  precludes  the  study  of  adult  mammary  gland  morphogenesis  in  these  animals. 
However,  fetal  liver  transplantation  and  reconstitution  of  hematopoetic  cell  lineages  enables  the  effects  of 
constitutive  NF-kB  activation  within  these  lineages  to  be  investigated  in  an  adult  animal  (Chen  et  ah,  2000; 
Everhart  et  ah,  2005). 

We  have  been  continuing  our  program  of  fetal  liver  transplantations  and  have  now  completed  a 
significant  number  of  experiments.  Our  accumulated  data  suggests  that  constitutive  NF-kB  in  IkBoc  -/- 
reconstituted  virgin  animals  may  result  in  a  significant  decrease  in  ductal  colonization  of  the  mammary  fad  pat. 
Mice  reconstituted  with  heterozygote  knockout  cells  display  an  interesting  phenotype  in  which  the  extent  to 
which  the  ductal  tree  is  able  to  grow  into  the  recipient  fad  pad  appears  to  be  reduced  but  the  ducts  themselves 
appear  thicker,  representative  examples  are  shown  in  Figure  1.  However,  having  performed  a  relatively  large 
number  of  reconstitution  experiments,  we  became  concerned  about  some  of  the  technical  aspects  of  this 
approach.  Fetal  livers  are  harvested  from  14.5dpc  embryos  resulting  from  matings  between  heterozygous 
knockout  animals.  The  harvested  cells  are  reintroduced  into  irradiated  recipients  on  the  same  day.  This 
effectively  means  that  the  reconstitutions  are  perfonned  “blind”  because  the  genotyping  of  the  embryos  occurs 
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after  the  reconstitutions  have  been  completed.  This 
results  in  a  large  number  of  heterozygote 
reconstitutions  and  relatively  few  homozygous  or 
wildtype  reconstitutions.  We  have  also  had  a  couple 
of  complete  experiments  in  which  when  the 
mammary  tissue  was  finally  harvested  we  discovered 
that  none  of  the  transplantations  had  reconstituted. 
We  suspect  that  this  was  due  to  a  problem  with  the 
irradiator. 

We  have  completed  three  attempts  to  perform 
fetal  liver  reconstitutions  and  then  obtain  pregnant 
recipient  females.  Despite  attempts  to  use  a 
decreased  level  of  radiation,  the  recipient  females 
appear  to  be  sterilized  by  the  irradiation  procedure  as 
we  have  been  unsuccessful  in  our  attempts  to 
maintain  fertility  in  reconstituted  mice. 

We  are  encouraged  by  the  phenotypes  that 
we  have  observed  as  a  result  of  the  virgin 
reconstitution  experiments  and  could  probably 
overcome  the  technical  difficulties  that  we  have  been 
having  by  persisting  with  a  greater  number  of 
reconstitution  experiments.  In  the  case  of  the 
investigation  of  mammary  development  in 
reconstituted  animals  during  pregnancy  it  may  be 
feasible  to  adopt  a  chemical  ablation  methodology  as 
opposed  to  the  irradiation  prior  to  reconstitution  and 
maintain  fertility.  However,  the  reconstitution 
experiments  have  a  number  of  limitations.  They  are 
susceptible  to  a  relatively  high  level  of  variation  due  to  the  variable  efficiency  of  reconstitution.  One  possibility 
that  we  have  considered  is  attempting  to  control  for  this  using  strain  specific  cell  surface  markers  and  FACS 
analysis  of  peripheral  cells  at  the  point  of  harvest  to  detennine  extent  of  reconstitution.  This  method  would  give 
us  some  measure  of  potential  differences  due  to  reconstitution  efficiency.  Another  issue  with  the  reconstitution 
strategy  is  that  the  resulting  chimeras  have  reconstituted  populations  of  multiple  cell  types  of  the  hematopoetic 
lineage.  In  other  words,  we  are  not  able  to  specifically  assign  phenotypic  changes  to  an  effect  of  changed 
signaling  within  macrophages  as  opposed  to  within  B  or  T  cells  or  a  combinatorial  effect.  Given  these 
considerations,  all  of  which  would  be  addressed  by  the  inducible  model  proposed  as  aim  2,  we  decided  to  focus 
our  efforts  on  the  inducible  model  system  (see  task  2). 

In  our  original  proposal  we  were  planning  to  measure  the  in  vivo  effects  of  modulating  NF-kB  activity  in 
macrophages  using  our  HLL  reporter  transgenics  that  express  luciferase  under  an  NF-kB  responsive  promoter 
such  that  luciferase  assay  of  crude  protein  extracts  can  be  used  to  quantify  NF-kB  activity.  While  the  HLL 
reporter  mice  have  provided  valuable  information  regarding  NF-kB  activation  in  vivo,  three  issues  led  us  to 
construct  a  second  generation  of  NF-kB  reporter  transgenic  mice.  First,  although  we  attempted  to  identify  NF- 
kB  activation  at  a  cellular  level,  we  were  unable  to  reproducibly  identify  luciferase  protein  or  mRNA  in 
individual  cells  despite  repeated  efforts  with  immunohistochemistry  and  in  situ  hybridization.  Second,  we 
would  like  to  be  able  to  sort  individual  cells  that  have  activated  NF-kB.  Third,  the  proximal  HIV-LTR  is  an 
NF-kB  dependent  promoter  that  by  all  indications  has  good  fidelity  as  a  read-out  for  NF-kB  activation  in  the 


Figure  1  -  Wholemount  staining  of  virgin  mammary  glands  after 
LcB-a  +/-,  -/-  and  +/+  fetal  liver  transplantation. 
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models  we  have  used  to  date;  however,  it  was  still  a  formal  possibility  that  other  transcription  factors,  including 
Spl,  could  influence  transcription  of  this  promoter.  Therefore,  we  decided  that  it  would  be  valuable  to  have  an 
additional  line  of  reporter  mice  with  another  NF-kB  dependent  promoter  to  confirm  and  validate  findings  using 
the  HLL  mice.  These  issues  led  us  to  collaborate  with  another  group  here  at  Vanderbilt  to  make  a  new  line  of 
transgenic  reporter  mice  that  express  a  green  fluorescent  protein  (GFP)/luciferase  fusion  protein  under  the 
control  of  a  synthetic  NF-kB  dependent  promoter.  Since  GFP  can  be  detected  in  individual  cells,  these  reporter 
mice  allow  cell  specific  determination  of  NF-kB  directed  transcription,  a  crucial  factor  in  understanding  NF-kB 
dependent  downstream  signaling.  The  luciferase  moiety  of  the  fusion  protein  also  enables  luciferase  assay  from 
protein  extracts  and  in  vivo  imaging  as  described  above  for  the  HLL  reporter  transgenics. 

The  new  transgenic  NF-kB  reporter  mice  contain  tandem  copies  of  a  36  base  enhancer  from  the  5'  H1V-LTR 
that  includes  both  NF-kB  binding  sites.  The  proximal  169  base  pairs  of  these  promoter  constructs,  including  the 
TATA  box,  are  from  the  herpes  simplex  virus  thymidine  kinase  promoter.  We  constructed  plasmids  for 
expression  of  enhanced  GFP  (EGFP)/luciferase  fusion  protein  under  the  control  of  8  replicates  of  the  NF-kB 
enhancer  sequence.  The  CMV  promoter  present  in  pEGFP/Luc  (Clontech,  Palo  Alto,  CA)  was  replaced  with  our 
synthetic  NF-kB  dependent  promoter.  The  8x  construct  was  microinjected  by  the  Vanderbilt  Transgenic/ES 
Cell  Shared  Resource  to  generate  transgenic  lines  (C57B16/DBA  background)  named  NGL  [for  NF-kB- 

GFP/Luciferase].  Our  characterization  has 
shown  that  the  NGL  reporter  transgenics  can 
be  used  in  the  same  manner  as  the  HLL, 
giving  comparable  results.  In  fact,  the  new 
NGL  transgenics  are  better  than  the  HLL 
transgenics  as  they  can  also  enable 
visualization  of  specific  cell  types  in  which 
NF-kB  is  activated  by  fluorescence 
microscopy  or  immunohistochemistry  of 
tissue  sections.  Activation  of  NF-kB  results 
in  expression  of  GFP  protein  that  can  be 
detected  by  fluorescence  microscopy  or  by 
immunohistochemical  analysis  of  paraffin 
embedded  sections  using  an  anti-GFP 
antibody.  We  have  tested  the  efficacy  of  the 
new  NGL  mice  by  crossing  them  with 
transgenics  that  elevate  NF-kB  activity  in  the 
mammary  epithelium.  The  mice  produced 
from  these  matings  allow  us  to  visualize 
where  the  NF-kB  is  active  (Figure  2).  The 
representative  examples  shown  illustrate  how 
it  is  possible  to  see  both  the  histological 
structure  of  the  tissue  and  to  localize  and  get 
an  indication  of  NF-kB  activity.  At  16.5dpc, 
in  an  NGL  transgenic  ie.  an  animal  that  is  effectively  wild-type  as  far  as  mammary  development  is  concerned 
but  carries  the  NF-kB  reporter,  there  is  diffuse  NF-kB  activity  throughout  the  epithelial  tissue  that  is 
proliferating  and  filling  the  mammary  fat  pad.  In  double  transgenics  we  are  able  to  visualize  both  the  level  and 
localization  of  NF-kB  activity  and  determine  the  effect  of  the  transgene  that  is  modulating  NF-kB  activity.  In 
the  double  transgenic  animals  the  level  of  NF-kB  activity  is  seen  to  be  higher  but  is  confined  to  a  more  dense 
area.  Figure  2A  shows  immunohistochemical  staining  using  a  GFP  antibody  to  localize  NF-kB  activity.  It  is 


Non-Tg/NGL 


BIN/NGL 


Figure  2  -  Immunohistochemistry  for  GFP  expression  in  single  NGL 
transgenic  and  double  transgenics.  Shown  are  examples  of  mammary 
tissue  at  16.5dpc.  A  -  immunohistochemistry  using  a  GFP  antibody,  B  - 
fluorescence  in  freshly  harvested  mammary  tissue  sections. 
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interesting  to  note  that  the  fluorescent  moiety  of  the 
reporter  also  allows  us  to  place  freshly  harvested 
tissue  on  a  slide  on  a  fluorescence  microscope  and 
begin  to  get  some  idea  of  the  expression  pattern  in 
three  dimensions  (Figure  2B). 

One  of  the  anticipated  benefits  of  the  new  reporter 
transgenics  was  the  ability  to  assess  NF-kB  activity 
in  specific  cell  types.  As  macrophages  are  the  focus 
of  these  studies  we  were  interested  to  determine 
whether  the  NGL  reporter  transgenics  would  allow 
us  to  quantify  changes  in  NF-kB  activity  within 
macrophages.  Therefore,  we  performed  cell  culture 
studies  using  primary  cultures  of  bone  marrow 
derived  macrophages  (BMDM)  from  the  NGL 
reporter  transgenics  (Figure  3).  Luciferase  assay  of 
cell  extracts  demonstrate  that  NF-kB  activity  is 
induced  at  4  hours  post  treatment  with  LPS  (a 
known  activator  of  NF-kB)  and  that  this  stimulation 
can  be  blocked  by  pretreatment  with  an  adenovirus 
expressing  a  dominant  inhibitor  of  NF-kB  (Sadikot 
et  al,  2006).  This  data  provides  evidence  that  the 
activity  of  NF-kB  within  primary  NGL  macrophages 
can  be  easily  measured. 


NGL  BMDM  Luciferase  Assay  Treated  with  Ad-IKDN/LPS 


Figure  3-  Luciferase  assay  of  NGL  BMDM  extracts  after  4  hrs 
treatment  with  LPS  in  the  presence  or  absence  of  an  NF-kB 
dominant-inhibitor  virus. 


In  order  to  carry  out  more  extensive  cell  culture  studies,  we  have  also  generated  an  immortalized  NGL 
bone  marrow  derived  macrophage  cell  line.  The  cell  surface  markers  on  this  line  were  investigated  to  confirm 
that  the  cells  were  derived  from  macrophages  and  maintained  the  appropriate  characteristics. 


Cell  surface  marker  of  J  2-BM  cells  (day  14) 


Surface  marker  %  Positive  J  2-BM  cells  Distribution 


MAC-1 

96.8 

Macrophage,  granulocytes 

Fc  receptor 

85.7 

Macrophage,  B  Cells 

Ly  1.1 

2.8 

Pan-T  cells,  some  B  cells 

Lyt  2.1 

0.4 

T-cell  subsets,  thymocyte 

L3T4 

3.2 

T-cell  subsets,  thymocyte 

Surface  immunoglobulin 

0.7 

B  cells 

Having  confirmed  that  the  characteristics  of  the  immortalized  line  were  consistent  with  macrophage 
cells  we  tested  to  detennine  whether  they  have  the  appropriate  NF-kB  response  to  LPS  stimulation  and  whether 
we  can  measure  this  using  a  luciferase  assay.  The  data  showed  that  the  response  to  LPS  stimulation  of  the 
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immortalized  cell  lines  was  not  significantly  different  to  that  of  primary  BMDC  (Figure  4).  In  combination,  the 
studies  suggest  that  we  have  generated  an  immortalized  macrophage  cell  line  from  the  NGL  mice  that  can  be 
used  in  future  in  vitro  studies  as  required. 

In  addition  to  investigating  our  ability  to  assess  NF-  kB  activity  in  specific  cell  types  using  our  NGL 
reporter  we  have  cultured  BMDM  from  wildtype  (IkBoc  +/+)  and  IkBoc  +/-  mice.  In  order  to  confirm  that  NF-kB 
signaling  was  altered  in  macrophages  derived  from  heterozygous  knockout  animals  we  performed  western 
analyses  using  cytoplasmic  and  nuclear  extracts  from  wildtype  and  heterozygous  BMDM  and  assessed  the 
response  to  LPS  stimulation  (Figure  5).  IkB-oc+/-  BMDM  contained  decreased  IkB-oc  and  increased  RelA 
protein  at  baseline  compared  to  WT  BMDM.  Four  hours  after  LPS  stimulation,  increased  RelA  was  detected  in 
both  WT  and  IkBoc  +/-  BMDM;  however,  IkB-oc  protein  was  virtually  undetectable  in  Ik  Bo.  +/-  BMDM.  While 
IkB-oc  protein  had  returned  to  basal  levels  by  24  hours  after  LPS  stimulation,  nuclear  RelA  protein  was 
significantly  higher  in  IkBoc  +/-  BMDM  compared 
to  WT  BMDM.  These  results  demonstrate  our  ability 
to  obtain  BMDM  from  both  wildtype  and 
heterozygous  knockout  mice  and  that  NF-kB 
signaling  is  altered  in  heterozygous  knockout  mice. 

Should  we  encounter  a  significant  delay  in 
our  ability  to  use  the  macrophage  directed  inducible 
model  (see  task  2),  we  propose  to  commence  in  vitro 
co-culture  studies  in  which  role  of  NF-kB  in 
macrophage/epithelium  communication  will  be 
investigated  using  BMDM  derived  from  lines  with 
altered  NF-kB  signaling.  In  these  experiments 
BMDM  will  be  placed  in  the  top  chamber  of  our  co¬ 
culture  apparatus  with  epithelial  cells  in  the  bottom. 

Differential  cytokine/chemokine  production  and 
effects  on  epithelial  proliferation  and  apoptosis  will 
be  measured.  The  inclusion  of  our  NGL  reporter  will 
also  enable  us  to  assess  effects  on  NF-kB  activity. 


These  studies  would  begin  to  dissect  the  potential 
mechanism  by  which  altered  NF-kB  signaling 
within  the  macrophages  impacts  epithelial  cell 
behavior  during  mammary  development. 

In  summary,  we  have  completed  additional 
fetal  liver  reconstitution  studies  and  the  data  that 
we  have  obtained  are  strongly  suggestive  that 
increased  NF-kB  signaling  in  cells  of  the 
hematopoetic  lineage  (and  our  biased  prediction 
would  be  that  the  macrophages  are  likely  to  be  the 
responsible  cell  type)  can  have  significant  effects 
on  mammary  ductal  development.  In  collaborative 
efforts  with  the  group  of  Dr  Timothy  Blackwell  we 
have  developed  new  reporter  transgenics  that  are  providing  the  kind  of  data  that  was  hitherto  not  possible  to 
collect.  These  mice  have  already  led  to  a  collaborative  publication  (Everhart  et  al,  2006)  and  will  be  extremely 
useful  in  ongoing  studies. 


WT  IkB-ot*  WT  IicB-cr  •  WT  IkB-ct' 


Cytoplasmic  IkB-« 


Nuclear  RdA 


Baseline  4  Hr  24  Hr 

Figure  5-  western  analysis  of  cytoplasmic  and  nuclear  extracts 
from  wildtype  and  IkBoc  +/-  BMDM  cells  showing  differential 
response  to  treatment  with  LPS. 
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Task  2.  Assess  effects  on  mammary  development  of  induced  and  inhibited  NF-kappaB  activity  using  novel 
inducible  transgenics  (Months  1-36). 

a.  Investigate  postnatal  development  in  doxycycline-induced  macrophage-restricted  constitutive  activator 
double  transgenic  mice  (IKMRP)  and  controls  (Months  1-36).  [300  mice] 

b.  Investigate  postnatal  development  doxycycline-induced  macrophage-restricted  dominant  inhibitor  double 
transgenic  mice  in  (DNMRP)  and  controls  (Months  1-36).  [300  mice] 

In  collaboration  with  the  group  of  Dr  Timothy  Blackwell,  we  have  been  developing  conditional  transgenic 
modular  mouse  models,  based  on  the  tetracycline  inducible  system,  to  over-express  IkB-DN  (dominant 
inhibitor)  or  cIKK2  (constitutive  activator)  in  response  to  treatment  with  doxycycline  in  drinking  water.  The 
components  of  this  system  include  transgenics  expressing  the  reverse  tetracycline  transactivator  (rtTA)  in  the 
appropriate  cell  type,  and  transgenics  in  which  the  tetracycline  operator  (tet-0)7  and  a  minimal  CMV  promoter 
drive  expression  of  either  the  dominant  inhibitor  (IkB-DN),  or  a  constitutively  active  IKK2  mutant.  Key  DNA 
components  for  the  system  were  obtained  from  Dr  Jay  Tichelaar  (Perl  et  ah,  2002).  In  the  presence  of 
doxycycline,  the  rtTA  binds  to  tet-0  and  induces  downstream  gene  expression  within  24  hours.  In  these 
transgenics,  the  IkB-DN  construct  that  we  have  has  mutations  of  the  critical  phosphorylation  targets  (serine 
residues)  that  are  normally  phosphorylated  in  response  to  signaling  resulting  in  degradation  of  the  inhibitor 
(Chen  et  ah,  1999).  This  mutated  form  of  inhibitor  is  not  degraded  in  response  to  phosphorylation  signals  and 
therefore  functions  to  block  NF-kB  signaling.  To  facilitate  detection  of  induced  transgene  products  we  have 
attached  a  FLAG  tag  to  the  cIKK2  and  a  Myc-His  tag  to  the  dominant  inhibitor.  The  transgenics  expressing  the 
inhibitor  are  named  DN.  The  transgenics  expressing  the  activator  are  named  IKK.  In  order  to  modulate 
expression  in  macrophages,  we  have  been  collaborating  with  the  group  of  Dr.  John  Christman  (formerly  at 
Vanderbilt  and  now  in  Chicago).  We  designed  a  transgenic  construct  to  achieve  macrophage  restricted 
expression  of  the  reverse  tetracycline  transactivator  (rtTA)(  Perl  et  ah,  2002).  Expression  was  targeted  to 
macrophages  using  a  promoter  based  on  the  mannose  receptor  promoter  (MRP)(Eichbaum  et  ah,  1997)  and 
including  3  repeats  of  a  PU.l  responsive  element  (DeKoter  et  ah,  2000).  The  transactivator  transgenics  are 
named  MRP.  With  the  assistance  of  the  Vanderbilt  Transgenic/ES  Cell  Shared  Resource  we  generated  4 
independent  lines  each  of  the  DN,  IKK  and  MRP  transgenics. 

We  have  now  completed  extensive  collaborative  studies  using  the  DN  and  IKK  transgenics  crossed  with 
an  existing,  well-characterized  lung-specific  CC-lOrtTA  transgenic  (Perl  et  ah,  2002).  In  last  years  report  we 
included  evidence  demonstrating  that  expression  of  either  the  IKK  or  DN  transgenes  could  be  induced  in  the 
lung  in  response  to  treatment  with  doxycycline  in  drinking  water  (lmg/rnl)  for  3  days  prior  to  collection  of 
tissue  samples.  We  have  now  tested  all  4  lines  of  IKK  transgenics  and  all  4  lines  of  DN  transgenics  in  crosses 
with  the  lung  specific  rtTA.  The  levels  of  induced  protein  expression  in  response  to  the  same  concentration  of 
doxycycline  in  the  drinking  water  differ  between  lines.  We  have  identified  the  strongest  expressing  line  of  each 
type  and  have  confirmed  that  in  these  lines  there  is  no  uninduced  expression  in  the  absence  of  doxycycline  in 
the  drinking  water  and  no  detectable  non  tissue-specific  expression,  therefore  the  system  is  not  leaky.  The 
response  to  doxycycline  administration  in  the  drinking  water  is  dose  dependent  allowing  manipulation  of  levels 
of  transgene  expression.  As  shown  in  preliminary  data  in  last  years  report  the  induced  DN  transgene  is  able  to 
inhibit  NF-kB  activation  in  the  lung  in  response  to  LPS  treatment  that  would  normally  be  expected  to  increase 
NF-kB  activity  and  hence  binding  in  a  gel  mobility  shift  assay  and  the  induced  IKK  transgene  is  able  to  enhance 
NF-kB  activation  in  the  lung.  Thus,  we  have  generated  transgenic  lines  in  which  expression  of  the  NF- 
kB  dominant  inhibitor  or  constitutive  activator  transgenes  is  inducible  in  the  presence  of  the  transactivator 
protein  and  administration  of  doxycycline  in  the  drinking  water.  The  DN  and  IKK  transgene  products  are 
functional  and  able  to  modulate  NF-kB  activity  in  vivo.  We  have  used  this  fonn  of  the  modular  inducible 
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transgenic  system  in  collaborative  studies  that  have  recently  been  submitted  to  Nature  Medicine  (see  appended 
manuscript). 
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We  also  generated  4  independent  lines  of  MRP  transgenics.  Last  year  we  reported  preliminary 
data  showing  that  we  could  detect  the  rtTA  mRNA  using  RT-PCR  in  alveolar  macrophages  harvested  from 
bronchiolar  lavage  fluid  and  in  bone  marrow-derived  macrophage  cultures.  We  had  begun  to  generate  double 
transgenic  animals  carrying  a  combination  of  the  DN  and  MRP  transgenes  (DNMP)  or  the  IKK  and  MRP 
transgenes  (IKMP).  A  small  number  of  double  transgenics  and  controls  had  been  treated  with  doxycycline  to 
induce  transgene  expression  but  our  initial  attempts  to  detect  expression  of  the  transgenes  by  western  analysis  of 
macrophages  harvested  from  bronchiolar  lavage  fluid  had  been  unsuccessful. 

We  continued  analysis 
of  the  4  MRP  lines.  Only  a 
small  subset  of  the  data 
obtained  will  be  shown  here  as 
the  majority  of  the  data  has 
proved  to  be  negative.  All  4  of 
the  separately  generated  MRP 
lines  were  crossed  with  a  strong 
IKK  transgenic  line.  In  our 
extensive  studies  using  the  lung 
specific  rtTA;  this  transgene  has 
been  easily  detected  by  western 
analysis  using  the  FLAG  tag.  In 
initial  harvest  s  of  lung,  spleen, 
bone  marrow  and  peritoneal  macrophages  from  induced  animals  we  were  unable  to  detect  transgene  expression. 
Therefore,  we  decided  to  obtain  a  more  concentrated  cell  population  by  culturing  bone  marrow  derived 
macrophages.  As  we  were  a  little  concerned  at  our  inability  to  detect  transgene  expression,  we  designed  a 
second  set  of  primers  and  repeated  our  RT  PCR  analysis  looking  for  mRNA  expression  of  the  rtTA  in  double 
transgenic  and  control  BMDM  (Figure  6).  In  each  case,  we  were  able  to  detect  expression  of  the  rtTA  transgene 
in  BMDM..  Shown  are  examples  harvested  after  10  days  of  non-adherent  culture  or  after  culture  and  24  hours 
for  cells  to  adhere.  An  antibody  that  recognizes  this  form  of  the  rtTA  is  not  available  and  therefore,  we  cannot 
perform  western  analysis  to  detect  rtTA  expression  at  the  protein  level. 


500bp 
400b  p 
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400bp 


RNA  extracted  after 
10  day  bone  marrow 
culture 


RNA  extracted  after 
culture  followed  by  24 
hr  plating 


Figure  6-  IKMP  -  bone  marrow  derived  macrophages,  RT  PCR  for  rtTA  mRNA 
expression. 
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Figure  7—  IKMP 

-  bone  marrow  derived  macrophages,  treated  with  Dox  l/<g/ml  for  24 

hrs 

Despite  our  continued 
ability  to  detect  rtTA  at  the 
mRNA  level  our  attempts  to 
detect  FLAG-tagged  IKK 
protein  in  doxycyline  induced 
BMDM  have  failed.  Shown  is  a 
representative  example  (Figure 
7).  We  have  tested  all  four  MRP 
lines  in  crosses  with  the  IKK 
transgenics  and  tested  different 
lengths  of  induction  (24  hours  to 
1  week)  and  different 
concentrations  of  doxycycline 
( 1  -5ug/ml).  In  combination  with 
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the  lung  rtTA  transgenic,  0.5ug/ml  and  24  hours  of  doxycycline  induction  is  sufficient  for  clear  induction  of 
expression.  Although  no  deleterious  effects  were  apparent  in  terms  of  the  survival  of  the  BMDM  we  were 
concerned  that  the  induction  of  the  constitutive  IKK  was  in  some  way  altering  the  behavior  of  the  macrophages 
such  that  the  rtTA  was  then  silenced.  However,  in  crosses  with  the  DN  transgenics  (also  extremely  effective  in 
combination  with  the  lung  rtTA)  we  have  also  been  unable  to  detect  transgene  induction  by  western  analysis 
(data  not  shown). 

We  were  still  not  ready  to  conclude  that  the  MRP  transgenics  were  not  useful  and  wondered  whether 
perhaps  despite  our  inability  to  detect  the  induced  IKK  or  DN  transgenes  at  the  level  of  a  western,  there  may  be 
low  level  induction  of  the  transgenes  that  was  still  sufficient  to  have  an  effect  on  macrophage  function. 
Therefore  we  decided  to  determine  whether  the  function  of  the  macrophages  in  induced  double  transgenics  was 
altered. 


We  would  have  predicted  that  induction  of  the  constitutive  IKK  transgene  would  result  in  increased 
nitrite  production  and  that  induction  of  the  DN  inhibitor  transgene  would  result  in  decreased  nitrite  production. 
In  neither  case  were  we  able  to  detect  any  significant  effect  of  attempted  induction  of  the  transgenes.  Taking 
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into  consideration  all  of  the  above  data  we  have  been  forced  to  conclude  that  the  four  lines  of  MRP  transgenics 
do  not  result  in  sufficient  expression  of  the  rtTA  to  be  of  use  for  the  inducible  system. 

As  our  proposed  research  would  benefit  greatly  from  having  the  inducible  system  within  macrophages 
we  sought  an  alternative  strategy.  The  c-fms  gene  encodes  the  receptor  for  macrophage  colony-stimulating 
factor  (CSF-1).  The  c-fms  promoter  has  been  successfully  used  to  generate  macrophage  specific  transgenics 
(Sasmono  et  ah,  2003;  Burnett  et  ah,  2004).  In  trying  to  find  a  source  for  this  promoter  we  made  contact  with 
Professor  Michael  Ostrowski  at  Ohio  State  University,  Columbus,  Ohio.  We  discovered  that  his  research  group 
are  also  attempting  to  make  a  macrophage-targeted  rtTA  transgenic.  They  have  founder  animals  from  two 
different  transgene  constructs  each  of  which  uses  a  different  form  of  the  c-fms  promoter.  Both  types  of 
transgenics  express  high  levels  of  the  transgene  as  determined  by  RT-PCR.  Dr.  Ostrowski  has  kindly  agreed  to 
collaborate  with  us  and  representative  males  from  the  two  different  types  of  founder  lines  are  currently  being 
serology  tested  for  transfer  to  our  facility.  As  soon  as  we  obtain  these  founder  animals  they  will  be  mated  with 
our  IKK  and  DN  transgenics  to  determine  whether  they  have  sufficient  levels  of  rtTA  expression  to  be  effective 
in  our  inducible  system. 

While  our  modular  inducible  transgenic  system  is  not  yet  functional  in  macrophages,  we  have 
confirmed  efficacy  of  the  DN  and  IKK  component  transgenics  in  the  lung  epithelium  and  therefore,  expect  the 
system  will  be  effective  once  we  have  the  macrophage  rtTA  component  transgenics. 

Task  3.  To  determine  whether  manipulation  of  NF-kappaB  activity  within  macrophage  populations  effects 
tumorigenesis  (Months  25-36). 

a.  Investigate  effects  on  tumorigenesis  in  PyMT/IKMRP  doxycycline-induced  transgenics  and  controls,  ie.  does 
constitutive  NF-kB  activity  within  macrophages  exacerbate  tumorigenesis?  (Months  25-36).  [100  mice] 

b.  Investigate  effects  on  tumorigenesis  in  PyMT/DNMRP  doxycycline-induced  transgenics  and  controls,  ie. 
does  reduced  NF-kappaB  activity  within  macrophages  inhibit  tumorigenesis?  (Months  25-36).  [100  mice] 

As  originally  proposed  this  task  was  dependent  on  establishing  the  model  described  in  task  2  and  was 
not  scheduled  to  commence  until  month  25.  However,  due  to  the  difficulties  we  were  experiencing  in 
establishing  the  critical  macrophage  targeted  rtTA  transgenic  component  of  the  inducible  modular  system  we 
are  adopting  an  intermediate  strategy  to  obtain  worthwhile  data  in  the  event  that  we  are  unsuccessful  in 
developing  the  modular  system  in  time  to  make  significant  progress  with  this  aim. 

We  have  obtained  the  PyMT  transgenic  mice  and  have  established  a  small  colony  within  our  laboratory. 
While  this  model  of  mammary  cancer  has  been  used  in  a  number  of  studies,  little  is  known  concerning  the 
pattern  of  NF-kB  activation  during  the  development  of  the  tumors.  Our  new  NGL  reporter  transgenics  provide 
us  with  a  unique  opportunity  to  investigate  the  stages  during  tumor  progression  in  which  NF-kB  is  active  and 
the  specific  cell  types  involved.  We  have  commenced  breeding  the  PyMT  transgenics  with  the  NGL  reporter 
transgenics  to  enable  us  to  investigate  the  pattern  of  NF-kB  activation  at  the  various  stages  of  tumor 
development;  pre-tumor,  primary  mammary  tumor  and  lung  metastasis. 

Should  the  new  macrophage  rtTA  transgenics  that  we  are  obtaining  as  part  of  a  collaboration  with  Dr 
Ostrowski  also  prove  to  be  ineffective  as  inducers,  we  propose  to  complete  a  small  pilot  cohort  of  animals  in 
which  the  IkBoc  knockout  is  crossed  with  the  PyMT  transgenics  and  we  complete  a  comparative  study  of 
primary  tumor  development  and  lung  metastasis  in  PyMT:  IkBoc  +/+  versus  PyMT:  IkBoc  +/-  animals.  Clearly 
we  would  prefer  to  use  or  originally  proposed  inducible  model,  but  this  represents  a  “Plan  B”. 

In  order  to  be  in  a  position  to  rapidly  commence  some  of  the  original  proposed  studies  should  the  new 
macrophage  transgenics  prove  effective,  we  have  commenced  breeding  strategies  to  generate  homozygous 
forms  of  the  IKK  and  DN  transgenics. 
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While  this  task  was  not  scheduled  to  start  until  month  25,  we  have  made  some  pre-emptive  efforts  in 
case  we  encounter  further  difficulties  with  task  2. 

KEY  RESEARCH  ACCOMPLISHMENTS 

1)  Results  obtained  using  our  fetal  liver  reconstitution  strategy  using  IkBoc  deficient  cells  and  controls 
suggest  that  cells  of  the  hematopoetic  lineage  (including  macrophages)  play  a  significant  role  in 
development  of  the  mammary  ductal  epithelium. 

2)  In  collaboration  with  the  group  of  Dr.  Timothy  Blackwell,  we  have  generated  a  novel  GFP/luciferase 
transgenic  reporter  of  in  vivo  NF-kappaB  activity  that  we  can  use  to  obtain  information  concerning  NF- 
kappaB  activity  at  the  resolution  of  single  cells  on  tissue  sections.  These  transgenics  have  now  been 
fully  characterized  and  have  led  to  a  recent  publication  (see  reportable  outcomes). 

3)  In  collaboration  with  the  group  of  Dr.  Timothy  Blackwell,  we  have  generated  transgenics  in  which  the 
dominant  inhibitor  of  NF-kappaB  is  under  the  control  of  an  inducible  promoter  and  confirmed  that  they 
are  functional.  These  transgenics  have  now  been  fully  characterized,  have  been  used  in  collaborative 
studies  and  have  been  included  in  a  recently  submitted  manuscript  (see  reportable  outcomes). 

4)  In  collaboration  with  the  group  of  Dr.  Timothy  Blackwell,  we  have  generated  transgenics  in  which  a 
constitutive  activator  of  NF-kappaB  is  under  the  control  of  an  inducible  promoter  and  confirmed  that 
they  are  functional.  These  transgenics  have  now  been  fully  characterized,  have  been  used  in 
collaborative  studies  and  have  been  included  in  a  recently  submitted  manuscript  (see  reportable 
outcomes). 

5)  In  collaboration  with  the  group  of  Dr.  John  Christman,  we  generated  several  lines  of  transgenics 
designed  to  target  expression  of  the  reverse  transactivator  protein  (rtTA)  to  macrophages.  As  of  last 
years  report  we  were  commencing  their  characterization.  Despite  promising  initial  data  and  after 
considerable  effort,  we  have  been  forced  to  conclude  that  while  these  transgenics  express  RNA  that  is 
detectable  by  RTPCR  the  levels  of  rtTA  protein  expression  are  insufficient  to  make  any  one  of  the 
transgenic  lines  that  we  have  tested  useful  as  a  component  of  our  doxycycline  inducible  model. 

6)  We  have  commenced  a  new  collaboration  and  are  in  the  process  of  obtaining  potential  macrophage 
targeted  rtTA  transgenic  mice  from  the  laboratory  of  Professor  M.  Ostrowski,  Ohio  State  University.  We 
will  test  these  for  their  utility  in  our  inducible  model  and  are  optimistic  that  they  will  enable  us  to 
complete  more  elegant  studies  to  detennine  the  effects  of  NF-kappaB  signaling  within  macrophages  on 
mammary  development. 

REPORTABLE  OUTCOMES 

In  a  collaborative  effort  with  the  laboratory  of  Dr.  Timothy  Blackwell  we  have  developed  three  novel 
transgenics;  an  in  vivo  reporter  of  NF-kappaB  activity,  an  inducible  dominant  inhibitor  of  NF-kappaB  activity 
and  an  inducible  constitutive  activator  of  NF-kappaB  activity.  These  efforts  have  currently  led  to  one  accepted 
manuscript  and  one  submitted  manuscript. 

In  vivo  reporter  of  NF-kappaB  activity  transgenics.  Everhart  MB,  Han  W,  Sherrill  TP,  Arutiunov  M,  Polosukhin 
VV,  Burke  JR,  Sadikot  RT,  Christman  JW,  Yuli  FE,  Blackwell  TS.  (2006)  Duration  and  intensity  of  NF- 
kappaB  activity  detennine  the  severity  of  endotoxin-induced  acute  lung  injury.  J  Immunol.  176:4995-5005. 

Airway  epithelium  controls  development  of  acute  lung  injury  through  the  NF-kB  pathway.  Cheng,  D-S.C.,  Han, 
W.,  Chen,  S.,  Sherrill,  T.P.,  Chont,  M.,  Park,  G-Y.,  Sheller,  J.R.,  Polosukhin,  V.V.,  Christman,  J.W.,  Yuli,  F.E., 
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and  Blackwell,  T.S.  Submitted  to  Nature  Medicine  (note  that  last  two  authors  contributed  equally  to  the 
publication). 


CONCLUSIONS 

In  summary,  we  have  succeeded  in  generating  and  characterizing  3  of  the  4  originally  proposed 
transgenics.  All  of  these  transgenics  have  considerable  potential  for  further  studies  for  not  only  our  groups  but 
for  many  others  within  the  scientific  community.  Collaborative  studies  with  the  reporter  NGL,  constitutive 
activator  IKK  and  dominant  inhibitor  DN  transgenics  have  led  to  one  accepted  and  one  submitted  publication. 
While  we  have  encountered  some  difficulties  in  the  generation  of  the  4th  transgenic  we  have  established  a  new 
collaboration  with  Dr  M  Ostrowski  and  will  commence  characterization  of  these  new  transgenics  as  soon  as 
they  are  released  from  quarantine.  We  have  included  discussion  of  our  amended  strategies  to  take  into  account 
the  unpredicted  hurdles  that  we  have  encountered  and  acquire  further  valuable  information  within  the  body  of 
the  report.  Our  data  from  task  1  and  increasing  numbers  of  reported  studies  in  the  literature  result  in  our 
continued  optimism  that  our  approaches  will  reveal  an  important  role  for  NF-kB  signaling  within  macrophages 
on  both  normal  development  and  tumorigenesis  and  also  lead  to  further  publications  within  the  time  frame  of 
this  funding. 
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Duration  and  Intensity  of  NF-kB  Activity  Determine  the 
Severity  of  Endotoxin-Induced  Acute  Lung  Injury* 1 


M.  Brett  Everhart,2*  Wei  Han,2’  Taylor  P.  Sherrill,'  Melissa  Arutiunov,’ 

Vasiliy  V.  Polosukhin,’  James  R.  Burke, 1  Ruxana  T.  Sadikot,t§  John  W.  Christman,11 
Fiona  E.  Yull,:|  and  Timothy  S.  Blackwell3*  ’  5 

Activation  of  innate  immunity  in  the  lungs  can  lead  to  a  self-limited  inflammatory  response  or  progress  to  severe  lung  injury.  We 
investigated  whether  specific  parameters  of  NF-kB  pathway  activation  determine  the  outcome  of  acute  lung  inflammation  using 
a  novel  line  of  transgenic  reporter  mice.  Following  a  single  i.p.  injection  of  Escherichia  coli  LPS,  transient  NF-kB  activation  was 
identified  in  a  variety  of  lung  cell  types,  and  neutrophilic  inflammation  resolved  without  substantial  tissue  injury.  However, 
administration  of  LPS  over  24  h  by  osmotic  pump  (LPS  pump)  implanted  into  the  peritoneum  resulted  in  sustained,  widespread 
NF-kB  activation  and  neutrophilic  inflammation  that  culminated  in  lung  injury  at  48  h.  To  determine  whether  intervention  in  the 
NF-kB  pathway  could  prevent  progression  to  lung  injury  in  the  LPS  pump  model,  we  administered  a  specific  IkB  kinase  inhibitor 
(BMS-345541)  to  down-regulate  NF-kB  activation  following  the  onset  of  inflammation.  Treatment  with  BMS-345541  beginning  at 
20  h  after  osmotic  pump  implantation  reduced  lung  NF-kB  activation,  concentration  of  KC  and  MIP-2  in  lung  lavage,  neutrophil 
influx,  and  lung  edema  measured  at  48  h.  Therefore,  sustained  NF-kB  activation  correlates  with  severity  of  lung  injury,  and 
interdiction  in  the  NF-kB  pathway  is  beneficial  even  after  the  onset  of  lung  inflammation.  The  Journal  of  Immunology,  2006, 176: 
4995-5005. 


Although  inflammation  generated  through  activation  of 
innate  immune  pathways  is  critical  for  effective  host  re¬ 
sponses  to  infection,  dysregulated  inflammation  can 
contribute  to  tissue  injury,  thereby  preventing  recovery  of  the  or¬ 
ganism.  The  factors  that  govern  whether  an  inflammatory  response 
is  adaptive  or  maladaptive  (leading  to  injury)  are  not  well  under¬ 
stood  and  may  vary  depending  on  the  initiating  stimulus.  The 
NF-kB  pathway,  which  regulates  transcription  of  a  variety  of 
proinflammatory  mediators,  is  involved  in  generation  of  neutro¬ 
philic  lung  inflammation:  however,  it  is  unknown  whether  specific 
parameters  of  NF-kB  activation  determine  whether  lung  inflam¬ 
mation  resolves  or  progresses  to  lung  injury.  Elucidating  the  rela¬ 
tionships  between  NF-kB  activation,  lung  inflammation,  and  lung 
injury  could  provide  important  insights  into  the  pathobiology  of  a 
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variety  of  human  lung  diseases,  including  the  acute  respiratory 
distress  syndrome  (ARDS).4 

In  the  lungs,  many  noxious/inflammatory  stimuli  have  been 
shown  to  activate  NF-kB,  implicating  the  NF-kB  pathway  as  a 
focal  point  for  induction  of  lung  inflammation.  In  vivo  activators 
of  NF-kB  in  the  lungs  include  intact  bacteria,  Gram-negative  bac¬ 
terial  LPS,  ozone,  and  silica  delivered  directly  to  the  airways,  as 
well  as  systemic  inflammatory  insults  such  as  sepsis,  hemorrhage, 
and  direct  liver  injury  (1-10).  In  rodent  models  of  lung  inflamma¬ 
tion  induced  by  LPS,  pretreatment  with  relatively  nonspecific  in¬ 
hibitors  of  NF-kB  activation  has  been  found  to  diminish  lung  in¬ 
flammation  (11-13).  Additionally,  mice  deficient  in  RelA  (the 
transactivating  subunit  of  NF-kB)  and  TNFR  type  1  have  impaired 
neutrophil  recruitment  to  the  lungs  in  response  to  LPS  compared 
with  wild-type  controls  and  TNFR  1 -deficient  mice  (14).  Together, 
these  studies  indicate  that  NF-kB  plays  an  important  role  in  initi¬ 
ation  of  inflammatory  signaling  in  the  lungs  in  response  to  LPS,  a 
prototypical  inflammatory  stimulus.  After  establishment  of  an  in¬ 
flammatory  response,  however,  it  has  been  suggested  that  NF-kB 
has  a  role  in  resolution  of  inflammation  through  antiapoptotic  ef¬ 
fects  and  expression  of  proteins  that  function  to  limit  inflammation 
(15).  The  importance  of  NF-kB  in  regulating  ongoing  lung  inflam¬ 
mation  or  progression  to  lung  injury  is  unknown. 

We  hypothesized  that  specific  parameters  of  NF-kB  activation 
in  the  lungs,  including  cellular  distribution,  intensity,  and/or  du¬ 
ration  of  NF-kB  activity,  determine  whether  lung  inflammation  is 
self-limited  or  progresses  to  injury.  Further,  we  proposed  that  fo¬ 
cused  intervention  to  inhibit  NF-kB  activity  could  limit  lung  injury 
and  convert  an  injurious  stimulus  to  a  phenotype  of  transient  in¬ 
flammation  that  resolves  without  significant  tissue  injury.  To  in¬ 
vestigate  this  hypothesis,  we  generated  novel  transgenic  NF-kB 
reporter  mice  to  allow  cell-specific  detection  of  NF-kB  activity. 


4  Abbreviations  used  in  this  paper:  ARDS,  acute  respiratory  distress  syndrome;  IKK, 
IkB  kinase;  BAL,  bronchoalveolar  lavage;  RLU,  relative  light  unit. 
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NF-kB  AND  ACUTE  LUNG  INJURY 


We  determined  parameters  of  NF-kB  activation  in  a  mouse  model 
of  transient  lung  inflammation  following  i.p.  injection  of  Esche¬ 
richia  coli  LPS  and  a  model  of  lung  inflammation  and  injury  fol¬ 
lowing  prolonged  delivery  of  LPS  via  an  osmotic  pump  implanted 
into  the  peritoneum.  We  then  intervened  using  a  selective  inhibitor 
of  IkB  kinase  (IKK)  to  down-regulate  NF-kB  activation  during  a 
period  in  which  we  identified  dilferential  NF-kB  activation  be¬ 
tween  the  two  models.  Information  from  these  studies  provides 
evidence  that  inhibition  of  the  NF-kB  pathway  in  vivo  can  ablate 
lung  injury  and  identifies  NF-kB  as  a  critical  target  for  limiting 
ongoing,  maladaptive  inflammation  in  the  lungs. 

Materials  and  Methods 

Animal  models 

Transgenic  NF-kB  reporter  mice  were  generated  that  contain  four  tandem 
copies  of  a  36-base  enhancer  from  the  5'  HIV-long  terminal  repeat  (con¬ 
taining  two  NF-kB  binding  sites,  GGGACTTTCC)  placed  upstream  of  the 
HSV  minimal  thymidine  kinase  promoter.  This  enhancer-promoter  con¬ 
struct  was  cloned  into  pEGFPluc  (BD  Clontech)  for  expression  of  an  en¬ 
hanced  GFP-lucif erase  fusion  protein.  The  8xNF-KB-GFP-luciferase  con¬ 
struct  was  excised  and  purified  using  a  GELase  Agarose  Gel-Digesting 
preparation  kit  following  the  manufacturer’s  instruction  (Epicentre  Tech¬ 
nologies).  This  construct  was  then  injected  at  the  Vanderbilt  Transgenic/ES 
Cell  Shared  Resource  to  generate  NGL  (NF-KB-GFP-luciferase  construct) 
transgenic  mouse  lines  on  C57B6/DBA  background.  Founder  animals  were 
genotyped  by  Southern  blot  and  then  further  generations  were  genotyped 
by  PCR  analysis  for  increased  efficiency. 

Male  and  female  NGL  transgenic  mice  weighing  between  20  and  25  g 
were  used  for  these  studies.  E.  coli  LPS  (serotype  055 :B5)  was  obtained 
from  Sigma- Aldrich.  LPS  was  delivered  by  a  single  i.p.  injection  of  3  /xg/g 
body  weight  (1  /xg//xl  solution  in  sterile  PBS).  For  prolonged  delivery  of 
LPS,  an  osmotic  pump  (200 ID  Alzet  pump;  ALZA)  was  filled  with  LPS 
solution  (1  /xg/ /xl  in  PBS)  and  surgically  implanted  in  the  peritoneal  cavity 
using  sterile  technique.  The  pump  delivered  8  /xg  LPS  (8  /xl)  per  hour  for 
24  h.  A  priming  dose  of  3  /xg  of  LPS/g  body  weight  was  injected  i.p. 
following  pump  implantation. 

A  selective  inhibitor  of  IKK,  BMS-345541,  was  obtained  from  Bristol- 
Myers  Squibb.  The  compound  was  formulated  as  a  7.5  mg/ml  solution  in 
3%  Tween  80  and  sterile  water.  Body  weight  (75  /xg/g)  of  this  solution  or 
an  equivalent  volume  of  vehicle  (without  BMS-345541)  was  administered 
by  peroral  gavage  after  anesthesia  with  inhaled  isoflurane. 

Neutrophil  depletion  was  performed  as  previously  reported  (16).  Undi¬ 
luted  rabbit  antineutrophil  Abs  (200  /x 1;  Accurate  Chemical  and  Scientific) 
or  control  rabbit  IgG  (1  /xg//xl;  Sigma- Aldrich)  were  administered  by  i.p. 
injection  daily  for  2  days.  On  days  3  and  4,  300  /x 1  of  a  1/15  dilution  of  Ab 
preparations  (in  IX  PBS)  were  injected  i.p.  On  day  5,  peripheral  white 
blood  cell  counts  and  differentials  were  measured  to  verify  neutrophil 
depletion. 

The  experimental  protocol  was  reviewed  and  approved  by  the  Institu¬ 
tional  Animal  Care  and  Use  Committee  at  Vanderbilt  University 
(Nashville,  TN). 

Bioluminescence  imaging  and  photon  count  quantification 

Mice  were  anesthetized  and  shaved  over  the  chest  before  imaging.  Lucife- 
rin  (1  mg/mouse  in  100  /xl  isotonic  saline)  was  administered  by  i.v.  injec¬ 
tion  and  mice  were  imaged  with  an  intensified  charge-coupled  device 
(ICCD)  camera  (IVIS  200;  Xenogen).  For  the  duration  of  photon  counting, 
mice  were  placed  inside  a  light  tight  box  that  housed  the  camera.  Light 
emission  from  the  mouse  was  detected  as  photon  counts  by  the  ICCD 
camera  and  customized  with  image  processing  hardware  and  software 
(Living  Image  software;  Xenogen).  The  imaging  duration  (30  s)  was  se¬ 
lected  to  avoid  saturation  of  the  camera  during  image  acquisition.  Quan¬ 
titative  analysis  was  performed  by  defining  a  standard  area  over  the  mid¬ 
lung  zone  and  determining  the  total  integrated  photon  intensity  over  the 
area  of  interest.  For  presentation,  a  digital  false-color  photon  emission 
image  was  generated  for  each  captured  image. 

Bone  marrow -derived  macrophage  experiments 

Bone  marrow-derived  macrophages  were  generated  from  NGL  mice  as 
previously  described  (17).  Adenoviral  vectors  expressing  a  dominant  in¬ 
hibitor  of  NF-kB  (iKBdn),  which  represents  a  S36-40A  mutant  of  the  avian 
IkB -a  that  cannot  be  phosphorylated  or  degraded,  and  /3-galactosidase 
have  been  previously  reported  (10,  18).  Cells  were  treated  with  adenoviral 
vectors  (multiplicity  of  infection  =  300)  48  h  before  LPS  treatment.  LPS 


was  added  to  cultures  (200  ng/ml)  and  cells  were  harvested  4  h  later.  In 
separate  experiments,  cells  were  treated  with  BMS-345541  (20  /xM)  30 
min  before  LPS. 

Histology  and  immunohistochemistry 

After  euthanasia,  lungs  were  inflated  with  1  ml  of  10%  neutral  buffered 
formalin.  Lungs  were  then  removed  en  bloc  after  tracheal  ligation  and 
preserved  in  10%  neutral  buffered  formalin  for  24  h  at  4°C,  and  subse¬ 
quently  embedded  in  paraffin.  Lung  tissue  sections  (5  /xm)  were  prepared 
in  the  Mouse  Pathology  Core  Facility  (Vanderbilt  University).  H&E  stains 
were  performed  using  standard  protocol.  For  GFP  immunohistochemistry, 
5-/xm  sections  were  cut  and  placed  on  charged  slides.  Following  paraffin 
removal,  sections  were  rehydrated  and  placed  in  heated  Target  Retrieval 
Solution  (high  pH;  (DakoCytomation)  for  20  min.  Tissues  were  incubated 
with  rabbit  anti-GFP  1/200  (BD  Clontech)  for  30  min.  Sections  without 
primary  Ab  served  as  negative  controls.  The  Vectastain  ABC  Elite  System 
(Vector  Laboratories)  and  diaminobenzidine  (DAB  +  ;  DakoCytomation) 
were  used  to  produce  localized,  visible  staining.  Slides  then  were  lightly 
counterstained  with  Mayer’s  hematoxylin,  dehydrated,  and  coverslipped. 

Measurement  of  neutrophil  influx 

For  tissue  neutrophil  quantification,  H&E-stained  lung  tissue  sections  were 
used  to  count  the  number  of  neutrophils  per  high  power  field.  For  each 
slide,  neutrophils  were  counted  in  a  blinded  fashion  on  10  sequential,  non¬ 
overlapping  high  power  fields  (magnification,  X400)  of  lung  parenchyma 
beginning  at  the  periphery  of  the  section.  Three  separate  H&E-stained  sec¬ 
tions  were  evaluated  per  mouse,  and  the  mean  number  of  neutrophils  per 
high  power  field  was  reported. 

Lung  lavage  neutrophil  counts 

For  bronchoalveolar  lavage  (BAL)  neutrophil  quantification,  BAL  cells 
were  collected  after  lavage  with  3  aliquots  of  1  ml  of  sterile  PBS.  BAL  was 
combined  and  centrifuged  at  400  X  g  for  10  min  to  separate  cells  from 
supernatant.  Supernatant  was  saved  separately  and  frozen  at  —  70°C.  The 
cell  pellet  was  suspended  in  PBS  with  1%  BSA,  and  total  cell  counts  were 
determined  on  a  grid  hemocytometer.  Differential  cell  counts  were  deter¬ 
mined  by  staining  cytocentrifuge  slides  with  a  modified  Wright  stain  (Diff- 
Quick;  Baxter  Scientific  Products)  and  counting  200-300  cells  in  complete 
cross-section. 

Tissue  luciferase  assay 

Lungs  were  removed  en  bloc  and  homogenized  in  1  ml  of  lysis  buffer 
(Promega)  using  a  dounce  homogenizer.  After  pulse  centrifugation,  lucif¬ 
erase  activity  was  measured  in  a  Monolight  3010  Luminometer  (Analytical 
Luminescence  Laboratory)  after  adding  100  /xl  of  freshly  reconstituted 
luciferase  assay  buffer  to  20  /xl  of  lung  tissue  homogenate.  Results  were 
expressed  as  relative  light  units  (RLU)  normalized  for  protein  content, 
which  was  measured  by  Bradford  assay  (Bio-Rad). 

Western  blots 

One  hundred  micrograms  of  protein  from  lung  tissue  homogenates  were 
separated  on  a  10%  acrylamide  gel,  transblotted,  and  immunodetected  us¬ 
ing  phosphospecific  Abs  to  an  epitope  of  IKK1  containing  phosphorylated 
serine  176  and  serine  180  (BioSource  International).  The  blots  were  also 
probed  with  Abs  to  MAPK  p44  and  p42  (Cell  Signaling  Technology),  then 
stripped  and  reprobed  for  total  IKK1  (Santa  Cruz  Biotechnology). 

Lung  wet  to  dry  ratio 

Lungs  were  removed  and  the  wet  weight  recorded.  Lungs  were  then  placed 
in  an  incubator  at  65 °C  for  48  h  and  the  dry  weight  was  determined. 

MlP-2  and  KC  quantification 

MIP-2  and  KC  levels  in  BAL  fluid  were  measured  using  a  specific  ELISA 
according  to  manufacturer’s  instructions  (R&D  Systems). 

Statistical  analysis 

To  assess  differences  among  groups,  analyses  were  performed  with  Graph- 
Pad  Instat  software  using  an  unpaired  t  test  or  one-way  ANOVA.  Results 
are  presented  as  the  mean  ±  SEM.  Two-tailed  values  of  p  <  0.05  were 
considered  significant. 
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Results 

Construction  of  reporter  mice  to  identify  cell-specific  NF-kB 
activation 

After  testing  a  variety  of  NF-kB -driven  promoter  constructs,  we 
determined  that  basal  expression  and  inducibility  characteristics 
were  optimal  with  a  construct  that  contained  four  tandem  copies  of 
a  36-base  enhancer  from  the  5'  HIV-long  terminal  repeat  (con¬ 
taining  two  NF-kB  binding  sites,  GGGACTTTCC).  This  NF-kB- 
dependent  promoter  was  placed  upstream  of  GFP-luciferase  ex¬ 
pression  cassette,  and  the  construct  was  tested  in  vitro  using 
multiple  cell  lines  (A549,  RAW  267.4,  NIH-3T3,  HeLa)  to  ensure 
reliable  expression  in  a  wide  range  of  cell  types  (data  not  shown). 
Subsequently,  the  NF-kB  reporter  construct  was  excised,  purified, 
and  microinjected  at  the  Vanderbilt  Transgenic/ES  Cell  Shared 
Resource  to  produce  transgenic  mice  (NGL  mice). 

To  investigate  regulation  of  the  reporter  expression  in  primary 
cells,  we  obtained  bone  marrow  macrophages  and  treated  them  in 
vitro  with  E.  coli  LPS  (200  ng/ml)  for  4  h  to  stimulate  NF-kB 
activation.  Adenoviral  vectors  expressing  a  transdominant  inhibi¬ 
tor  of  the  NF-kB  pathway  (Ad-lKBdn)  (10,  18)  were  used  to  spe¬ 
cifically  block  NF-kB  activation  in  these  cells.  Cells  were  infected 
with  adenoviral  vectors  48  h  before  experimentation.  Expression 
of  the  GFP-luciferase  reporter  was  determined  by  luciferase  assays 
and  fluorescence  microscopy  (Fig.  1,  A  and  B).  By  luciferase  as¬ 
say,  no  difference  in  reporter  activity  was  detected  between  un¬ 
treated  and  Ad-lKBdn-treated  macrophages  (1015.2  ±  67.2  vs 
1257.3  ±  174.17  RLU,  respectively).  Compared  with  untreated 
and  Ad-lKBdn-treated  macrophages,  LPS  stimulation  resulted  in  a 
significant  increase  in  luciferase  activity  (5450.0  ±  265.59  RLU, 
p  <  0.05);  however,  infection  of  cells  with  Ad-lKBdn  before  LPS 
blocked  induction  of  luciferase  expression  (1841.3  ±  171.1  RLU). 
Infection  of  macrophages  with  control  adenoviral  vectors  did  not 
affect  LPS-induced  luciferase  activity  (data  not  shown).  Using  flu¬ 
orescence  microscopy  to  detect  GFP  expression  before  cell  har¬ 
vest,  we  corroborated  the  results  obtained  by  luciferase  assays 
(Fig.  IB).  In  addition  to  Ad-lKBdn,  we  treated  macrophages  from 
NGL  mice  with  a  specific  inhibitor  of  the  NF-kB  pathway,  BMS- 
345541  (19)  (Fig.  1C).  In  these  studies,  cells  were  treated  with 
BMS-345541  (20  /xM)  or  vehicle  30  min  before  addition  of  LPS 
(200  ng/ml)  and  cells  were  harvested  4  h  later.  Similar  to  iKBdn, 
BMS-345541  treatment  blocked  LPS-induced  luciferase  activity  in 
macrophages.  Together,  these  findings  confirm  that  LPS-induced 
expression  of  GFP-luciferase  reflects  NF-kB  activation  in  NGL 
cells. 

We  performed  additional  studies  to  determine  the  half-life  of  the 
GFP-luciferase  fusion  protein  in  bone  marrow-derived  NGL  mac¬ 
rophages.  At  3  h  after  LPS  treatment,  cycloheximide  (20  jug/ml) 
was  added  to  cell  cultures  to  block  protein  synthesis,  and  luciferase 
measurements  were  obtained  every  30  min  until  return  to  baseline. 
In  these  studies,  the  half-life  of  the  GFP-luciferase  fusion  protein 
was  determined  to  be  2.5  h,  making  it  suitable  as  a  reporter  of 
NF-kB  transcriptional  activity. 

Cellular  distribution,  intensity,  and  duration  of  NF-kB 
activation  in  LPS-induced  lung  inflammation  and  injury 

To  model  transient  neutrophilic  lung  inflammation,  a  single  dose 
of  E.  coli  LPS  (3  jug/g)  was  administered  to  NGL  mice  by  i.p. 
injection  (IP  LPS  treatment).  Because  established  models  of  LPS- 
induced  lung  inflammation  in  mice  do  not  produce  consistent  lung 
injury  (20),  we  developed  a  model  of  LPS  delivery  into  the  peri¬ 
toneal  cavity  over  24  h  that  produces  severe  lung  inflammation  and 
injury  (Fig.  2A).  In  this  model,  an  osmotic  pump  delivering  E.  coli 
LPS  at  8  /xg/h  for  24  h  was  surgically  implanted  into  the  peritoneal 
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FIGURE  1.  NF-kB  regulation  of  the  NGL  reporter  construct  in  bone 
maiTow-derived  macrophages  from  NGL  mice.  A.  Luciferase  activity 
(measured  as  RLU)  from  cell  homogenates  following  treatment  with  LPS 
(200  ng/ml)  for  4  h.  Specificity  of  the  reporter  for  NF-kB  was  shown  by 
infection  with  adenoviral  vectors  expressing  a  dominant  inhibitor  of  the 
NF-kB  pathway  (IKBdn).  Cells  were  infected  with  adenoviral  (multiplicity 
of  infection  =  300)  48  h  before  LPS  treatment.  Each  bar  represents  the 
mean  RLU  ±  SEM  (for  n  =  3  wells  per  treatment  group)  and  the  exper¬ 
iment  was  repeated  two  times  (*,  p  <  0.05  compared  with  other  groups). 
B,  Representative  fluorescence  microscopy  images  of  each  treatment  group 
showing  GFP  fluorescence  at  the  time  of  harvest.  C,  Luciferase  activity 
from  cells  treated  with  NF-kB  inhibitor  BMS-345541  (20  p,M)  or  vehicle 
30  min  before  LPS  and  harvested  at  4  h.  Each  bar  represents  the  mean 
RLU  ±  SEM  (for  n  =  3  wells  per  treatment  group).  *,  p  <  0.05  vs  other 
groups. 


space  followed  by  a  priming  dose  of  3  jug/g  LPS  by  direct  i.p. 
injection  (LPS  pump  treatment).  Although  single-dose  i.p.  LPS 
produced  only  mild  interstitial  thickening  and  cellular  infiltrate  at 
48  h,  LPS  delivered  by  osmotic  pump  caused  lung  inflammation 
and  injury  (edema,  interstitial  thickening,  hemorrhage,  and  inflam¬ 
matory  cell  influx).  Persistent  lung  inflammation  in  the  LPS  pump 
model  was  confirmed  by  counting  neutrophils  on  H&E-stained 
lung  tissue  sections.  Although  single-dose  IP  LPS  treatment  re¬ 
sulted  in  a  transient  influx  of  neutrophils  at  4  h,  LPS  pump  treat¬ 
ment  resulted  in  persistent  neutrophil  influx  through  48  h  (Fig.  2 B). 
The  LPS  pump  model  also  resulted  in  a  significant  increase  in  lung 
edema  as  assessed  by  the  wet  to  dry  ratio  at  48  h  (3.81  ±  0.03  in 
untreated  mice  vs  4.65  ±  0.04  in  the  LPS  pump  group,  p  <  0.05), 
whereas  the  lung  wet  to  dry  ratio  in  the  IP  LPS  group  was  similar 
to  baseline.  Delivery  of  LPS  over  24  h  into  the  peritoneum  was 
required  to  induce  this  phenotype  as  treatment  with  an  equal  LPS 
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FIGURE  2.  A  single  i.p.  injection  of  LPS  (IP 
LPS  treatment)  results  in  transient  neutrophilic  in¬ 
flammation,  but  delivery  of  LPS  by  osmotic  pump 
(LPS  pump  treatment)  implanted  in  the  peritoneum 
leads  to  persistent  neutrophilic  lung  inflammation 
and  injury.  A,  H&E-stained  lung  sections  from  a 
control  NGL  mouse  and  NGL  mice  harvested  48  h 
after  a  single  i.p.  injection  of  LPS  (IP  LPS)  or  LPS 
delivered  by  osmotic  pump  (LPS  Pump).  Increased 
edema,  inflammatory  cell  influx  and  edema  are  iden¬ 
tified  in  the  LPS  pump  treatment  group.  B,  Quanti¬ 
fication  of  neutrophils  per  high  power  field  on  H&E- 
stained  lung  tissue  sections.  The  number  of  neutro¬ 
phils  per  high  power  field  was  counted  for  10  con¬ 
secutive,  nonoverlapping  fields  per  slide.  Each  bar 
represents  the  mean  for  each  mouse  ±  SEM  (for  n  = 
6  mice  per  group  at  each  time  point).  *,  p  <  0.05  vs 
IP  LPS). 
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dose  by  single  i.p.  injection  or  implantation  of  pumps  alone  did  not 
induce  sustained  lung  inflammation  and  injury  (data  not  shown). 

After  establishing  these  models  of  transient  inflammation  with¬ 
out  substantial  injury  and  persistent  lung  inflammation  and  injury, 
we  investigated  whether  NF-kB  was  differentially  activated  in 
these  models.  Expression  of  the  NF-KB-driven  reporter  in  NGL 
mice  was  identified  by  bioluminescence  imaging  (following  i.v. 
injection  of  1  mg  of  luciferin)  to  detect  luciferase  activity  in  the 
lungs  of  intact  mice  and  by  immunohistochemistry  for  detection  of 
GFP  in  lung  sections.  Consistent  with  our  previous  reports  (10, 
21),  single-dose  IP  LPS  treatment  resulted  in  a  transient  increase  in 
NF-KB-driven  luciferase  activity  by  4  h.  However,  by  24  h,  photon 
emission  from  the  lungs  returned  near  baseline,  indicating  transient 
NF-kB  activation  (Fig.  3A).  In  contrast,  NGL  mice  treated  with 
LPS  delivered  by  osmotic  pump  showed  sustained  lung  luciferase 
activity  at  4,  24,  and  48  h.  Peak  photon  emission  from  the  lungs  at 
4  h  did  not  differ  between  the  two  models. 

We  correlated  bioluminescence  imaging  of  luciferase  activity  in 
the  lungs  of  NGL  mice  with  cellular  localization  of  NF-kB  activity 
by  immunohistochemistry  for  GFP  on  lung  sections  (Fig.  3 B).  At 
baseline,  minimal  GFP  staining  was  identified  in  the  lungs.  LPS 
treatment  (either  IP  LPS  or  LPS  pump)  resulted  in  widespread 
GFP  staining  in  multiple  lung  cell  types  at  4  h,  including  airway 
epithelium,  endothelium,  and  leukocytes  (macrophages  and  neu¬ 
trophils).  GFP  staining  was  also  noted  in  alveolar  epithelium,  par¬ 
ticularly  type  II  cells.  At  24  h  after  IP  LPS  treatment,  GFP  immu- 
noreactivity  in  the  lungs  was  limited  to  a  few,  scattered  positive 
cells,  and  by  48  h,  GFP  staining  returned  to  baseline.  In  the  LPS 
pump  model,  widespread  GFP  staining  persisted  in  the  lungs 
through  48  h,  consistent  with  bioluminescence  detection  of  NF-kB 
driven  transgene  expression.  Together,  these  studies  indicate  that 
endotoxemia  induces  NF-kB  activation  in  a  variety  of  lung  cells. 
Although  the  cell-specific  pattern  of  NF-kB  activity  and  peak  in¬ 
tensity  of  lung  NF-kB  intensity  did  not  differ  depending  on  the 
method  of  LPS  delivery,  prolonged  duration  of  high-level  NF-kB 
activation  in  the  lungs  correlated  with  LPS-induced  lung  injury. 


Early  NF-kB  inhibition  limits  neutrophilic  lung  inflammation 
whereas  late  NF-kB  inhibition  prevents  lung  injury 

To  evaluate  the  role  of  NF-kB  in  determining  the  course  of  lung 
inflammation  and  injury,  we  used  BMS-345541,  which  is  a  se¬ 
lective  inhibitor  of  IKK1  and  IKK2  (19).  In  prior  studies,  BMS- 
345541  at  doses  as  high  as  100  pg/g  daily  for  6  wk  in  mice 
showed  no  toxicologic  changes,  either  by  gross  or  by  his¬ 
topathologic  evaluation,  of  major  organs  including  the  liver 
(22). 

In  the  IP  LPS  treatment  model,  BMS-345541  (75  pg/g )  or  ve¬ 
hicle  was  administered  to  NGL  mice  by  peroral  gavage  2  h  before 
injection  of  LPS  and  again  4  h  after  LPS  treatment.  By  biolumi¬ 
nescence  imaging,  photon  emission  from  the  lungs  was  reduced  at 
8  h  after  IP  LPS  in  the  group  that  received  BMS-345541  compared 
with  controls  treated  with  vehicle,  although  no  significant  differ¬ 
ence  between  the  groups  was  identified  at  4  h  (Fig.  4,  A  and  B).  At 
the  time  of  harvest  (8  h),  luciferase  activity  in  lung  homogenates 
was  also  significantly  reduced  in  mice  treated  with  BMS-345541 
before  LPS  (1347  ±  51  RLU/^ig  protein  in  the  BMS-345541 
group  vs  2089  ±  134  RLU//rg  protein  in  the  control  vehicle- 
treated  group,  p  <  0.05)  (Fig.  4C).  Neutrophil  influx  was  quanti¬ 
fied  on  lung  sections  as  a  measure  of  lung  inflammation.  As  shown 
in  Fig.  AD,  a  marked  reduction  in  lung  neutrophils  was  identified 
in  lungs  treated  with  BMS-345541  before  LPS  compared  with  con¬ 
trols  treated  with  vehicle  before  LPS.  These  experiments  indicate 
that  treatment  with  BMS-345541  inhibits  lung  NF-kB  activation 
and  neutrophilic  lung  inflammation  in  response  to  IP  LPS 
treatment. 

Based  on  the  differential  NF-kB  activation  that  we  observed 
between  the  IP  LPS  and  LPS  pump  treatment  models,  we  inves¬ 
tigated  whether  sustained  lung  NF-kB  activation  in  the  LPS  pump 
model  mediates  lung  injury.  Therefore,  we  targeted  the  late  phase 
of  NF-kB  activation  by  beginning  BMS-345541  after  the  estab¬ 
lishment  of  lung  inflammation  in  NGL  mice  treated  with  LPS  via 
osmotic  pump.  Mice  were  treated  with  BMS-345541  or  vehicle  by 


The  Journal  of  Immunology 


4999 


FIGURE  3.  Differential  NF-kB  ac¬ 
tivation  in  lungs  following  a  single  i.p. 
dose  of  LPS  (IP  LPS)  or  LPS  delivered 
by  osmotic  pump  (LPS  Pump)  is  iden¬ 
tified  by  reporter  gene  expression  in 
NGL  mice.  A,  Bioluminescence  imag¬ 
ing  of  NGL  mice  to  determine  lucif- 
erase  activity  in  lungs  at  baseline,  4, 
24,  and  48  h  after  LPS  delivered  by  sin¬ 
gle  i.p.  injection  or  LPS  pump.  Images 
were  obtained  after  i.v.  injection  of  1 
mg  luciferin  and  photon  detection  was 
quantified  over  a  standard  region  of  the 
anterior  chest  corresponding  to  the 
mid-lung  zones.  Each  bar  represents 
the  mean  ±  SEM  (for  n  =  6  mice  per 
group).  *,  p  <  0.05  vs  IP  LPS.  B,  Rep¬ 
resentative  immunohistochemistry  for 
GFP+  cells  in  lung  sections  from  NGL 
mice. 
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peroral  gavage  beginning  at  20  h  after  osmotic  pump  implantation. 
BMS-345541  dosing  was  repeated  every  4  h  for  a  total  of  five 
doses.  Multiple  doses  were  used  because  of  the  relatively  short 
half-life  of  the  compound  in  vivo  (19).  Bioluminescent  imaging 
was  performed  at  baseline,  20,  24,  and  48  h  after  initiation  of  LPS 
to  evaluate  NF-xB-dependent  reporter  gene  expression  (Fig.  5,  A 
and  B).  In  both,  vehicle  or  BMS-345541  treatment  groups,  similar 
induction  of  photon  emission  from  the  lungs  was  observed  at  20  h, 
before  intervention.  By  24  h,  there  was  a  trend  toward  lower  chest 
bioluminescence  in  the  group  treated  with  BMS-345541,  and  at 
48  h,  a  marked  reduction  in  photon  emission  from  the  lungs  was 
observed  in  the  group  treated  with  BMS-345541  compared  with 
vehicle-treated  controls.  Treatment  with  BMS-345541  resulted  in 
~50%  reduction  in  chest  bioluminescence  compared  with  the 
measurement  before  treatment  (20  h).  These  findings  were  con¬ 
firmed  by  postmortem  measurement  of  lung  tissue  luciferase  ac¬ 
tivity.  Luciferase  activity  in  BMS-345541  treated  mice  was 
1061  ±  233  RLU/pg  protein  compared  with  2521  ±  462  RLU/pg 
protein  in  the  vehicle-treated  group  (p  <  0.05)  (Fig.  5C).  To  show 
that  treatment  with  BMS-345541  reduces  IKK  activation  in  the  lungs, 
we  performed  Western  blot  analysis  for  IKK1  using  Abs  that  specif¬ 
ically  identify  the  phosphorylated  (activated)  kinase.  Fig.  5 D  indicates 


that  IKK1  phosphorylation  was  reduced  in  lungs  treated  with  BMS- 
345541  at  48  h  after  LPS  pump  implantation.  Therefore,  oral  delivery 
of  the  IKK  inhibitor  was  sufficient  to  reduce  IKK  activity  and  thereby 
block  NF-kB  activation  in  the  lungs. 

To  examine  the  impact  of  BMS-345541  therapy  on  the  dis¬ 
tribution  of  cells  with  active  NF-kB,  we  performed  immuno- 
staining  for  GFP  on  lung  tissue  sections  from  NGL  mice  (Fig. 
6).  Interestingly,  we  found  that  BMS-345541  treatment  broadly 
diminished  GFP  staining  compared  with  vehicle-treated  con¬ 
trols.  Less  GFP  staining  was  observed  in  epithelium,  endothe¬ 
lium,  and  leukocytes  at  48  h  after  LPS  pump  implantation  in  BMS- 
345541  -treated  mice  compared  with  vehicle-treated  mice.  By 
evaluation  of  H&E-stained  lung  sections,  we  observed  a  dramatic 
reduction  in  lung  inflammation  and  injury  in  mice  treated  with  the 
IKK  inhibitor  (Fig.  6).  Mice  treated  with  BMS-345541  showed  pre¬ 
served  alveolar  architecture  with  minimal  edema,  septal  thickening, 
and  hemorrhage. 

To  quantify  lung  inflammation  and  injury,  we  measured  lung 
neutrophils,  chemokine  concentration  in  BAL  fluid,  and  lung 
edema  at  48  h  after  implantation  of  LPS  pumps.  Lung  neutrophil 
influx  was  evaluated  by  counting  of  neutrophils  on  H&E  lung  tis¬ 
sue  sections  and  by  quantifying  the  number  of  neutrophils  in  BAL. 


5000 


NF-kB  and  acute  lung  injury 


FIGURE  4.  Treatment  with  the  specific  NF-kB  in¬ 
hibitor  BMS-345541  results  in  decreased  NF-kB  ac¬ 
tivity  and  lung  inflammation  following  a  single  i.p. 
dose  of  LPS.  BMS-345541  or  vehicle  was  delivered 
by  gavage  (75  /xg/g)  2  h  before  and  4  h  after  i.p.  in¬ 
jection  of  LPS  (3  /x g/g).  A,  Representative  biolumi¬ 
nescence  images  of  NGL  mice  obtained  before  LPS  (0 
h)  and  4  and  8  h  after  i.p.  dose  of  LPS  (IP  LPS).  B , 
Quantification  of  chest  photon  emission  from  biolu¬ 
minescence  images  (fold  increase  over  baseline)  ( n  = 
6  mice).  *,  p  <  0.05  vs  IP  LPS+BMS  group.  C,  Lu- 
ciferase  activity  measured  in  lung  tissue  homogenates 
at  the  time  of  harvest  (RLU//xg  protein)  for  n  =  6  mice 
per  group.  *,  p  <  0.05).  D,  Measurement  of  neutro¬ 
phils  per  high  power  field  on  H&E  lung  tissue  sec¬ 
tions.  Each  bar  represents  the  mean  ±  SEM  for  n  =  6 
mice  per  group.  *,  p  <  0.05. 


A 


A  significant  decrease  in  the  number  of  neutrophils  per  high  power 
field  was  detected  on  lung  sections  from  BMS-345541-treated 
mice  compared  with  vehicle  treated  mice  (Fig.  7A).  Similarly,  a 
significant  reduction  of  neutrophils  was  identified  in  BAL  from 
mice  treated  with  BMS-345541  (Fig.  IB).  Because  LPS-induced 


neutrophilic  alveolitis  in  mice  is  largely  determined  by  expression 
of  the  CXC  chemokines  MIP-2  and  KC  (23),  we  measured  levels 
of  these  mediators  in  lung  lavage  fluid  from  mice  treated  with 
BMS-345541  or  vehicle  in  addition  to  LPS  pump  treatment.  BMS- 
345541  treatment  resulted  in  deceased  production  of  both  MIP-2 
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FIGURE  5.  Treatment  with  BMS-345541  after  the  onset 
of  inflammation  in  the  LPS  pump  model  reduces  lung 
NF-kB  activation.  BMS-345541  or  vehicle  was  delivered 
by  gavage  (75  frg/g)  beginning  at  20  h  after  LPS  pump 
implantation  and  repeated  every  4  h  for  total  of  five  doses. 
A,  Representative  bioluminescence  images  of  NGL  mice 
obtained  before  LPS  (0  h)  and  24  and  48  h  after  implanta¬ 
tion  of  osmotic  pump  (LPS  Pump).  B,  Quantification  of 
chest  photon  emission  from  bioluminescence  images  (fold 
increase  over  baseline)  for  n  =  12  mice  per  group.  *,  p  < 
0.05  vs  group  treated  with  vehicle.  C,  Luciferase  activity  is 
measured  in  lung  tissue  homogenates  at  the  time  of  harvest 
(RLU/pig  protein).  Each  bar  represents  the  mean  ±  SEM 
(n  =  12  per  group).  *,  p  <  0.05.  D,  Western  blot  for  phos- 
phorylated  IKK1  (p-IKKl)  in  lung  tissue  homogenates  at 
48  h  after  LPS  pump  implantation,  normalized  for  total 
IKK1  and  p44  and  p42  MAPK.  Each  lane  represents  protein 
from  a  different  mouse. 
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(127.4  ±  48.9  pg/ml  in  vehicle-treated  mice  vs  13.9  ±  3.7  pg/ml 
in  BMS-345541 -treated  mice,  p  <  0.05)  and  KC  (531.2  ±  34.0 
pg/ml  in  vehicle-treated  mice  vs  21.6  ±  17.9  pg/ml  in  BMS- 
345541-treated  mice,  p  <  0.05).  Lung  edema  was  evaluated  by 
determining  lung  wet  to  dry  ratio  (Fig.  1C).  The  increased  wet  to 
dry  ratio  observed  in  vehicle-treated  mice  was  completely  ablated 
by  BMS-345541  treatment,  consistent  with  the  histological  im¬ 
provement  observed  in  the  lungs  of  these  mice.  Together,  these 
studies  show  that  specific  inhibition  of  NF-kB  activation  after  es¬ 
tablishment  of  lung  inflammation  reduces  lung  inflammation  and 
prevents  injury. 


Neutrophil  depletion  reduces  lung  inflammation  and  injury 

To  evaluate  whether  reduction  of  neutrophil  recruitment  to  the 
lungs  accounts  for  prevention  of  lung  injury  resulting  from  NF-kB 
inhibition,  we  depleted  neutrophils  and  determined  the  impact  on 
LPS-induced  lung  inflammation  and  injury.  Neutrophil  depletion 
was  achieved  by  repeated  i.p.  injection  of  antineutrophil  Abs  using 
a  previously  published  protocol  (16).  After  4  daily  injections  of 
antineutrophil  Abs,  we  detected  an  80%  reduction  in  peripheral 
neutrophil  counts  compared  with  mice  treated  with  control  IgG 
(Fig.  8A).  After  documenting  PMN  depletion,  LPS  pumps  were 
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FIGURE  6.  Treatment  with  NF-kB  inhibitor  after  the 
onset  of  inflammation  in  the  LPS  pump  model  reduces 
lung  inflammation  and  injury  at  48  h.  Representative 
H&E-stained  lung  sections  were  obtained  from  mice 
treated  with  BMS-345541  (LPS  Pump+BMS)  or  vehi¬ 
cle  (LPS  Pump)  in  addition  to  LPS  by  osmotic  pump. 
Immunohistochemistry  for  GFP  demonstrates  wide¬ 
spread  reduction  in  NF-«B-driven  reporter  expression 
following  treatment  with  BMS-345541. 
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implanted  and  bioluminescent  detection  of  NF-kB -dependent  lu- 
ciferase  expression  was  performed  at  24  and  48  h  (Fig.  8B).  As 
shown,  reduction  of  circulating  neutrophils  did  not  affect  luciferase 
expression  in  NGL  mice,  implying  that  neutrophils  do  not  make 
major  contributions  to  the  total  lung  NF-kB  activation  in  this 
model.  At  48  h,  neutrophils  were  found  to  be  reduced  in  B  AL  (Fig. 
8C)  and  the  lung  wet-to-dry  ratio  was  significantly  decreased  in 
neutrophil-depleted  mice  compared  with  IgG-treated  controls  (Fig. 
80).  However,  the  wet-to-dry  ratio  in  the  lungs  of  neutrophil-de¬ 
pleted  mice  treated  with  LPS  pump  was  significantly  greater  than 
the  ratio  in  untreated  controls,  indicating  that  the  achieved  degree 
of  neutrophil  depletion  was  only  partially  effective  in  preventing 
lung  edema  formation.  By  histological  examination  of  lung  sec¬ 
tions,  mice  treated  with  antineutrophil  Abs  were  found  to  have 
a  reduction  in  lung  neutrophil  influx  with  a  mild  diminution  in 
edema  and  evidence  of  lung  injury  compared  with  IgG-treated 
controls  (data  not  shown).  Accounting  for  the  reduction  in  neu¬ 
trophils,  immunohistochemistry  for  GFP  did  not  show  any  dif¬ 
ferences  in  intensity  or  distribution  of  GFP  staining  in  the  lungs 
of  mice  treated  with  antineutrophil  Abs  or  control  IgG  before 
LPS  pumps. 

Discussion 

To  comprehensively  determine  the  extent  of  NF-kB  activation 
in  vivo,  we  developed  a  reporter  system  that  allows  identifica¬ 
tion  of  NF-KB-positive  cells  using  GFP  detection,  as  well  as 
quantification  of  NF-kB  activity  in  cells  and  tissue  using  lucif¬ 
erase  detection  methodologies.  The  NGL  reporter  construct  was 
validated  as  an  indicator  of  NF-kB  activation  in  cell  lines,  pri¬ 
mary  cells  from  transgenic  mice,  and  intact  animals.  Following 
a  single  i.p.  injection  of  LPS,  the  time  course  for  increased 
bioluminescence  over  the  chest  was  similar  to  our  previous  re¬ 
port  with  NF-kB  reporter  mice  that  express  luciferase  under  the 
control  of  the  proximal  promoter  for  the  5'  HIV-long  terminal 
repeat  (21). 

LPS  activates  NF-kB  in  cells  directly  by  interaction  with  cell 
surface  molecules  CD  14  and  TLR4.  Although  initial  studies 
identified  TLR4  on  leukocytes,  more  recent  studies  have  iden¬ 
tified  TLR4  expression  in  other  cell  types,  including  endothe¬ 
lium  and  bronchial  epithelial  cells,  indicating  that  LPS  may 
directly  stimulate  inflammatory  signaling  in  a  variety  of  cell 
types  (24,  25).  In  addition  to  direct  cellular  effects,  inflamma¬ 
tory  signaling  by  LPS  is  amplified  by  rapid  production  and  se¬ 


cretion  of  “proximal’'  cytokines,  including  TNF-a  and  IL-/3,  by 
macrophages.  Through  specific  receptors,  these  molecules  have 
the  ability  to  activate  NF-kB  signaling  and  amplify  the  host 
inflammatory  response.  In  NGL  mice,  we  showed  that  NF-kB 
was  efficiently  activated  throughout  the  lungs  in  response  to 
systemic  LPS.  Within  4  h,  most  cells  in  the  lungs  were  GFP+; 
however,  in  the  absence  of  continued  activation,  inflammation 
resolved  without  substantial  tissue  injury. 

We  evaluated  NF-kB  activation  in  the  lungs  in  a  model  of 
transient  lung  inflammation  (single-dose  IP  LPS  treatment)  and 
a  model  of  LPS-induced  lung  inflammation  that  progresses  to 
lung  injury  (LPS  pump  treatment).  One  limitation  of  previously 
reported  models  of  LPS-induced  lung  inflammation  in  mice  is 
that  they  produce  relatively  minor  lung  injury,  even  at  near 
lethal  doses;  therefore,  we  chose  to  deliver  LPS  over  24  h  by 
osmotic  pump  in  a  model  that  resembles  subacute  LPS  release 
from  i.p.  infection.  Using  these  two  models,  we  observed  clear 
differences  in  NF-kB  activation.  Like  other  parameters  of  the 
inflammatory  response,  NF-kB  activation  was  transient  in  the 
IP  LPS  model  but  persisted  in  the  LPS  pump  model  up  to  24  h 
after  LPS  delivery  ceased.  In  the  LPS  pump  model,  obvious 
lung  injury  was  present  by  48  h  after  implantation  of  the  os¬ 
motic  pump.  In  our  studies,  mice  were  harvested  at  48  h  in  the 
LPS  pump  model  because  substantial  mortality  was  observed 
when  mice  were  followed  beyond  this  time  point.  The  cellular 
distribution  of  NF-kB  activation  as  measured  by  GFP+  cells, 
and  peak  intensity  of  NF-kB  activation  as  determined  by  biolu¬ 
minescence  imaging  of  luciferase  activity  did  not  differ  between 
the  IP  LPS  and  LPS  pump  treatment  models,  indicating  that 
these  parameters  are  not  the  critical  determinants  of  progression 
to  lung  injury.  However,  widespread  sustained  cellular  activa¬ 
tion  of  NF-kB  correlated  with  lung  injury. 

To  evaluate  whether  a  causal  relationship  exists  between  sus¬ 
tained  lung  NF-kB  activation  and  lung  injury,  we  used  a  spe¬ 
cific  inhibitor  of  the  NF-kB  pathway.  BMS-345541  is  a  selec¬ 
tive  inhibitor  of  the  catalytic  subunit  of  IKK2  (IC50  =  0.3  mM) 
and  IKK1  (IC50  =  4  p. M)  through  binding  to  an  allosteric  site 
(19).  Peroral  administration  of  BMS-345541  inhibits  serum 
TNF-a  production  following  LPS  injection  in  a  dose-dependent 
manner  (19).  Additional  studies  support  the  use  of  BMS- 
345541  as  a  selective  NF-kB  inhibitor  and  anti-inflammatory 
agent,  including  findings  of  reduced  joint  inflammation  and  de¬ 
struction  in  a  collagen-induced  arthritis  model,  reduced  severity 
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FIGURE  7.  Treatment  with  NF-kB  inhibitor  decreases  neutrophil  influx 
into  the  lungs  and  eliminates  lung  edema  in  the  LPS  pump  model.  Lungs 
were  harvested  at  48  h  after  initiation  of  LPS  treatment  in  mice  treated  with 
BMS-345541  (LPS  Pump+BMS)  or  vehicle  (LPS  Pump).  A,  Quantifica¬ 
tion  of  lung  neutrophils  on  H&E-stained  lung  sections  for  n  =  6  mice  per 
group.  *,  p  <  0.05.  B,  Total  neutrophils  in  BAL  fluid  for  n  =  6  mice  per 
group.  *,  p  <  0.05.  C,  Lung  wet-to-dry  ratio  is  represented.  Each  bar 
represents  the  mean  ±  SEM  for  n  =  6  mice  per  group.  *,  p  <  0.05  vs  the 
other  two  groups. 


of  colitis  in  a  dextran  sulfate  sodium-induced  colitis  model,  and 
improved  graft  survival  in  a  murine  model  of  cardiac  graft  re¬ 
jection  (22,  26,  27).  In  our  experiments,  we  found  that  when 
administered  before  LPS,  BMS-345541  treatment  decreased 
NF-kB  activation  and  neutrophilic  lung  inflammation  measured 
at  8  h.  Subsequently,  we  treated  mice  with  BMS-345541  during 
the  period  when  NF-kB  activity  was  differentially  up-regulated 
in  the  LPS  pump  model  to  investigate  whether  attenuation  of 
NF-kB  activation  would  convert  this  model  of  lung  injury  to 
one  of  transient  inflammation.  We  initiated  treatment  with 
BMS-345541  at  20  h  after  LPS  pump  implantation.  At  the  time 
of  harvest,  NF-kB  activation,  CXC  chemokine  production,  and 
neutrophilic  inflammation  were  markedly  reduced  in  mice  by 
BMS-345541  treatment.  In  addition,  the  histological  appear¬ 
ance  of  lungs  from  BMS-345541-treated  mice  was  improved 
and  lung  edema  formation,  as  measured  by  wet-to-dry  ratio, 
was  eliminated.  It  appears  that  part  of  the  benefit  of  NF-kB 
depletion  results  from  reducing  the  neutrophil  influx  into  the 
lungs  consequent  to  LPS  pump  implantation.  Activated  neutro¬ 
phils  produce  a  variety  of  oxidants  and  proteases  that  have  the 
potential  to  disrupt  the  alveolar-capillary  barrier  and  contribute 
to  lung  injury  (28).  By  treatment  with  antineutrophil  Abs,  we 
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FIGURE  8.  Neutrophil  depletion  reduces  lung  edema  but  not  NF-kB 
activation  in  the  LPS  pump  model.  NGL  mice  were  treated  with  antineu¬ 
trophil  Abs  (PMN  Ab)  or  control  IgG  before  implantation  of  LPS  pumps. 
Mice  were  harvested  at  48  h.  A,  Peripheral  blood  neutrophils  (PMN)  were 
quantified  after  Ab  treatment  and  before  implantation  of  LPS  pumps.  B , 
Quantification  of  chest  photon  emission  from  bioluminescence  images  of 
mice  at  baseline,  24,  and  48  h  after  LPS  pumps.  C,  Total  neutrophils  in 
BAL  fluid.  D,  Lung  wet-to-dry  ratio  is  reported  as  the  increase  above  the 
mean  value  for  an  untreated  control  group.  Each  bar  represents  the  mean  ± 
SEM  for  n  =  5  mice  per  group  for  each  end  point.  *,  p  <  0.05  vs  IgG 
control. 


were  able  to  reduce  lung  neutrophil  influx  (measured  in  BAL) 
to  a  similar  degree  as  that  achieved  by  treatment  with  the 
NF-kB  inhibitor;  however,  the  NF-kB  inhibitor  had  a  much 
more  profound  benefit  in  protecting  from  lung  injury.  These 
findings  imply  that  NF-kB  inhibition  reduces  lung  injury  in  this 
model  by  reduction  of  neutrophil  recruitment  to  the  lungs  and 
through  other  mechanisms  (currently  not  well  defined)  that  pre¬ 
vent  disruption  of  the  alveolar  capillary  barrier. 
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In  contrast  with  our  findings,  a  study  by  Lawrence  et  al.  (15) 
found  that  NF-kB  played  opposing  roles  in  the  onset  and  resolu¬ 
tion  of  inflammation  in  rat  carrageenin  pleurisy  and  mouse  carra- 
geenin  air  pouch  models.  Using  nonspecific  inhibitors,  decreased 
NF-kB  activation  after  establishment  of  inflammation  was  associ¬ 
ated  with  protracted  inflammation  and  prevention  of  leukocyte 
clearance,  suggesting  NF-kB  may  not  be  a  suitable  target  for  ther¬ 
apeutic  intervention  to  limit  and/or  resolve  established  inflamma¬ 
tion.  Our  findings,  however,  indicate  that  NF-kB  could  be  an  im¬ 
portant  target  for  limiting  injury  in  the  setting  of  ongoing 
inflammation  in  the  lung  parenchyma.  The  differences  in  our  find¬ 
ings  and  those  previously  reported  may  be  related  to  differences  in 
the  models  of  inflammation  and/or  the  specificity  of  the  agents 
used  to  inhibit  the  NF-kB  pathway. 

In  humans,  lung  injury  resulting  from  pneumonia,  systemic 
infection,  or  trauma  can  cause  ARDS  (29,  30).  The  inflamma¬ 
tory  phenotype  associated  with  ARDS  supports  a  role  for 
NF-kB  in  the  pathogenesis  of  this  syndrome,  including  in¬ 
creased  concentrations  of  a  variety  of  NF-kB -linked  cytokines 
and  chemokines  in  BAL  fluid  from  patients  with  ARDS  (31- 
33).  Increased  concentration  of  the  NF-kB -dependent  CXC  che- 
mokine  IL-8  correlates  with  neutrophilia  in  BAL,  and  pro¬ 
longed  neutrophilic  alveolitis  is  associated  with  increased 
mortality  in  patients  with  ARDS  (34-37).  In  addition,  NF-kB 
activation  has  been  identified  in  alveolar  macrophages  from  hu¬ 
mans  with  ARDS  (38).  Together,  these  data  from  human  studies 
implicate  the  NF-kB  pathway  as  a  potentially  important  deter¬ 
minant  of  lung  injury  in  humans  with  ARDS.  Based  on  our 
findings  in  relevant  rodent  models  of  lung  inflammation  and 
injury,  NF-kB  may  prove  to  be  a  beneficial  target  for  therapeu¬ 
tic  intervention  to  treat  ongoing  lung  inflammation  and  prevent 
or  limit  lung  injury.  Although  NF-kB  inhibition  has  the  poten¬ 
tial  to  reduce  lung  injury,  innate  immune  functions  that  depend 
on  NF-kB  may  be  required  for  adequate  lung  host  defense 
against  infection  (39);  therefore,  application  of  these  findings  to 
human  disease  should  proceed  with  caution.  Hopefully,  a  better 
understanding  of  the  intricacies  of  proinflammatory  pathways 
that  contribute  to  lung  injury  and  host  defense  will  lead  to  tar¬ 
geted  therapies  that  limit  injury  while  preserving  lung  defenses. 
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Abstract 


To  investigate  the  role  of  airway  epithelium  in  regulating  lung  inflammation  and  injury, 
we  used  a  tetracycline-inducible  system  to  achieve  selective  NF-kB  activation  or  inhibition  in 
airway  epithelial  cells  in  vivo.  In  transgenic  mice  that  express  a  constitutively  active  form  of  IkB 
kinase  2  under  control  of  the  CC10  promoter,  treatment  with  doxycycline  (dox)  induces  NF-kB 
activation  with  consequent  up-regulation  of  pro-inflammatory  cytokines,  pulmonary  edema,  and 
neutrophilic  alveolitis.  Continued  treatment  with  dox  causes  progressive  lung  injury,  hypoxemia, 
and  high  mortality.  In  contrast,  dox-inducible  expression  of  a  dominant  inhibitor  of  NF-kB  in 
airway  epithelium  prevents  lung  injury  and  death  in  a  model  of  systemic  endotoxemia  in  which  E. 
coli  endotoxin  is  delivered  via  osmotic  pump  implanted  in  the  peritoneal  cavity.  Therefore, 
airway  epithelium  critically  regulates  lung  injury  through  the  NF-kB  pathway  and  may  represent 
an  important  target  for  therapies  designed  to  improve  outcomes  from  the  acute  respiratory 
distress  syndrome. 
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Innate  immunity  is  critical  for  host  defense  against  bacterial  pathogens,  but  dysregulated 
or  exaggerated  immune  responses  can  result  in  tissue  injury.  In  the  lungs,  this  form  of  host- 
derived  tissue  injury  characterizes  the  acute  respiratory  distress  syndrome  (ARDS).  ARDS  is  a 
common  cause  of  morbidity  and  mortality  in  critically  ill  patients,  resulting  from  local  or 
systemic  infection,  trauma  or  other  inflammatory/injurious  stimuli1'2.  The  inflammatory 
phenotype  underlying  the  pathogenesis  of  ARDS  includes  neutrophilic  alveolitis  and  increased 
levels  of  a  number  of  cytokines  and  chemokines  in  the  airways  '  .  Improved  understanding  of 
critical  cell  types  and  biological  pathways  that  regulate  innate  immunity  in  the  lungs  could  be 
useful  in  designing  therapies  to  limit  or  prevent  lung  injury  in  patients  at  risk  for  ARDS. 

The  ubiquitous  NF-kB  pathway  regulates  transcription  of  important  pro-inflammatory 
cytokines,  chemokines,  adhesion  molecules,  and  enzymes4,5.  Following  cell  stimulation, 
inhibitors  of  NF-kB  (IkBs)  are  phosphorylated  on  serine  residues  in  the  amino-terminus  by  IkB 
kinase  2  (IKK2),  targeting  them  for  destruction  by  the  ubiquitin/proteasome  (26S)  degradation 
pathway6.  IkB  degradation  allows  NF-kB  nuclear  translocation  and  transcriptional  activation  of 
target  genes.  In  the  lungs,  many  noxious/inflammatory  stimuli  have  been  shown  to  activate  NF- 
kB,  including  bacterial  products,  ozone  and  silica,  as  well  as  systemic  inflammatory  insults  such 
as  sepsis,  trauma,  and  hemorrhage. 

Airway  epithelium  provides  a  physical  border  between  host  and  environment  that 
protects  from  injurious  and  infectious  stimuli  that  gain  access  to  the  respiratory  tract  through 
inspiration  or  aspiration.  Well  recognized  functions  of  airway  epithelium  include  mechanical 
clearance  of  offending  agents  and  production  of  antimicrobial  agents;  however,  a  crucial  role  for 
airway  epithelium  in  coordinating  the  innate  immune  response  in  the  lungs  has  not  been 
elucidated.  Airway  epithelial  cells  express  a  number  of  toll-like  receptors  and  we  have  recently 
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shown  that  local  and  systemic  inflammation  results  in  prominent  activation  of  the  NF-kB 
pathway  in  these  cells  '  .  Therefore,  we  hypothesized  that  epithelial  cells  in  the  lung  are 
important  for  transducing  NF-kB  dependent  inflammatory  signals  and  that  prolonged  NF-kB 
activation  in  airway  epithelial  cells  leads  to  a  dysfunctional  (injurious)  inflammatory  response 
culminating  in  lung  injury.  To  evaluate  whether  airway  epithelial  cells  critically  regulate  lung 
inflammation  and  injury,  we  generated  inducible  transgenic  mice  that  express  an  activator  or 
dominant  inhibitor  of  the  NF-kB  pathway  in  CC10  expressing  epithelial  cells.  We  then 
determined  the  effects  of  cell  type-specific  NF-kB  activation  or  inhibition  on  parameters  of  lung 
inflammation  and  injury.  Our  data  indicate  that  activation  of  NF-kB  in  airway  epithelial  cells  is 
sufficient  for  generating  full-blown  acute  lung  injury  and  is  necessary  for  mediating  the 
pulmonary  effects  of  endotoxemia. 
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Results 


Construction  of  transgenic  mice  with  inducible  activation  of  NF-kB  in  airway  epithelium. 

To  achieve  inducible  NF-kB  activation  using  the  tet-on  system,  we  placed  a  FLAG- 
tagged  constitutively  active  mutant  form  of  human  IkB  kinase  2  (cIKK2)6  under  the  control  of 
the  (tet-O)y-CMV  promoter  (Fig.  la).  To  prevent  basal  leakiness  of  transgene  expression,  a 
construct  expressing  tetracycline-controlled  transcriptional  silencer  (tTS)  under  the  control  of  the 
Clara  cell  specific  CC10  promoter  (obtained  from  Dr.  Jack  Elias,  Yale  University,  with 
pennission  of  Andrew  Farmer,  BD  Clontech,  Palo  Alto,  CA)  was  co-injected  with  (tet-0)7- 
FLAG-cIKK2  to  generate  double  transgenic  mice.  Unbound  tTS  interacts  with  tet-0  sites  and 
functions  as  a  transcriptional  repressor;  however,  binding  of  dox  to  tTS  results  in  dissociation 
from  DNA,  allowing  rtTA  binding  and  promoter  activation10"12.  Double  transgenic  mice  were 
bred  with  transgenic  mice  expressing  rtTA  under  the  control  of  the  rat  CC10  promoter  (obtained 
from  Dr.  Jeffrey  Whitsett,  Univ.  of  Cincinnati)  to  generate  triple  transgenic  mice,  designated 
IKTA  (for  cIKK2  Trans  Activated). 

In  initial  experiments,  IKTA  transgenic  mice  were  treated  with  dox  in  drinking  water  (2 
g/1)  for  3  days.  Western  blots  for  the  FLAG-tagged  transgene  product  identified  cIKK2 
expression  exclusively  in  the  lungs  of  dox-treated  IKTA  mice  (Fig.  lb).  No  leakiness  of  FLAG- 
cIKK2  expression  was  detectable  in  other  tissues  following  dox  treatment  or  in  the  lungs  in  the 
absence  of  dox.  By  immunohistochemistry,  FLAG-cIKK2  expression  was  localized  to  the 
airway  epithelium  (Fig.  lc).  We  investigated  whether  FLAG-cIKK2  expression  in  airway 
epithelium  was  sufficient  to  activate  NF-kB  by  perfonning  electrophoretic  mobility  shift  assays 
using  lung  tissue  nuclear  protein  extracts.  Compared  to  controls,  NF-kB  activation  was 
increased  in  lungs  of  dox-treated  IKTA  mice  (figure  Id).  Together,  these  data  show  that 
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treatment  of  IKTA  mice  with  dox  induces  expression  of  FLAG-cIKK2  exclusively  in  airway 
epithelial  cells  at  levels  sufficient  to  activate  NF-kB. 

Sustained  NF-kB  activation  in  airway  epithelium  results  in  neutrophilic  lung  inflammation  and 
severe  lung  injury. 

Although  untreated  IKTA  mice  exhibited  nonnal  lung  histology,  IKTA  mice  showed 
progressive  lung  inflammation  and  injury  after  3  and  7  days  of  dox  treatment  (Fig.  2a).  After  3 
days  of  dox  treatment,  lungs  from  IKTA  mice  showed  evidence  of  edema  and  a  cellular  infiltrate 
consisting  of  neutrophils  and  macrophages.  By  7  days  of  dox  treatment,  however,  a  massive 
infiltration  of  inflammatory  cells  into  the  lung  parenchyma  was  present,  along  with  septal 
thickening,  edema,  and  alveolar  hemorrhage.  Other  organs,  including  liver,  spleen  and  kidney, 
showed  no  evidence  of  inflammation  or  architectural  abnormalities  (not  shown). 

By  lung  lavage,  increased  numbers  of  neutrophils  and  macrophages  were  identified  in  the 
airways  of  IKTA  mice  at  3  days  after  introduction  of  dox  (Fig.  2b).  After  7  days  of  dox 
treatment,  increased  numbers  of  neutrophils,  macrophages,  and  lymphocytes  were  present  in 
lung  lavage  from  IKTA  mice  compared  to  dox-treated  wild-type  (WT)  mice,  and  neutrophils 
were  further  elevated  compared  to  IKTA  mice  treated  with  dox  for  3  days.  We  measured  protein 
concentration  in  lung  lavage  from  IKTA  mice  and  WT  controls  at  baseline  and  after  dox 
treatment  as  an  indicator  of  vascular  permeability  (Fig.  2c).  Compared  to  baseline,  protein 
concentration  in  IKTA  mice  increased  3 -fold  by  3  days  of  dox  treatment,  and  by  day  7  of  dox 
treatment  protein  concentration  had  increased  >  10-fold  above  baseline.  Lung  lavage  protein 
concentration  was  similar  in  untreated  WT  and  IKTA  mice  and  did  not  change  in  WT  mice 
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following  dox  treatment.  Consistent  with  these  results,  wet/dry  ratios  were  increased  in  dox- 
treated  IKTA  mice  treated  with  dox  for  3  days  compared  to  controls  (Fig.  2d). 

Activation  of  NF-kB  in  airway  epithelium  resulted  in  production  of  a  variety  of 
inflammatory  mediators.  Table  1  shows  the  profile  of  cytokines  and  chemokines  up-regulated  in 
lung  lavage  from  IKTA  mice  treated  with  dox  for  7  days  compared  to  dox-treated  WT  mice  and 
IKTA  mice  without  dox  treatment.  Significantly  increased  levels  of  IL-la,  IL-ip,  IL-5,  IL-6,  IL- 
12,  IL-17,  RANTES,  MIP-2,  KC,  MCP-1  and  G-CSF  were  observed  in  dox-treated  IKTA  mice. 
No  differences  in  mediator  production  were  identified  between  WT  mice  and  IKTA  mice  in  the 
absence  of  dox  treatment.  We  used  multiprobe  ribonuclease  protection  assays  to  confirm  that 
mRNA  expression  of  selected  chemokines  was  increased  in  the  lungs  of  dox-treated  IKTA  mice 
(Supplemental  Fig.  1).  Protein  and  mRNA  measurements  of  mediators  correlated  well  with  the 
exception  of  MCP- 1 ,  which  was  increased  in  lung  lavage  fluid  by  Turn  in  ex  assay  but  increased 
mRNA  expression  was  not  identified  in  the  lungs  at  this  time  point.  Together,  these  studies 
show  that  sustained  activation  of  NF-kB  in  IKTA  mice  (in  the  absence  of  a  specific 
inflammatory  stimulus)  results  in  a  pattern  of  progressive  lung  inflammation  and  injury 
associated  with  production  of  a  number  of  NF-kB  dependent  cytokines  and  chemokines. 

To  determine  which  inflammatory  mediators  are  produced  directly  by  airway  epithelial 
cells  following  NF-kB  activation,  we  harvested  mouse  tracheal  epithelial  cells  (MTEC)  and  grew 
them  in  air-liquid  interface  conditions  to  obtain  highly  differentiated  airway  epithelium 
(Supplemental  Fig.  2a)13.  Cultures  of  MTEC  cells  from  IKTA  mice  were  treated  with  dox  (0.5 
pg/ml)  for  48  hours  and  transgene  induction  was  identified  by  immunofluorescent  staining  of 
FLAG-cIKK2  (Supplemental  Fig.  2b).  Increased  concentrations  of  IL-6,  G-CSF,  GM-CSF, 
MIP-2,  KC,  and  RANTES  were  identified  in  cell  culture  supernatants  of  dox-treated  IKTA  cells 
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compared  to  IKTA  cells  in  the  absence  of  dox  (Supplemental  table  1).  These  findings  suggest 
that  direct  NF-kB  activation  in  airway  epithelial  cells  is  sufficient  to  produce  a  number  of 
mediators,  including  IL-6,  G-CSF,  MIP-2,  KC  and  RANTES,  that  are  increased  in  the  lungs  of 
dox-treated  IKTA  mice.  Other  mediators  that  are  increased  in  lung  lavage  fluid  from  dox-treated 
IKTA  mice,  such  as  IL-la,  IL-ip,  and  IL-12p40,  may  be  up-regulated  indirectly  through 
recruitment  or  activation  of  inflammatory  cells  in  the  lungs. 

We  sought  to  determine  the  physiological  effects  of  lung  inflammation/injury  resulting 
from  epithelial  NF-kB  activation  in  IKTA  mice  by  measuring  arterial  PO2.  Serial  arterial  blood 
gas  analysis  was  done  with  indwelling  carotid  artery  catheters  in  unanesthetized  IKTA  mice 
treated  with  dox  (Fig.  3a).  Baseline  PO2  (123.9  ±  4.67  mmHg)  and  PCO2  (20.1  ±  0.93  mmHg) 
in  IKTA  mice  were  similar  to  WT  controls  (data  not  shown).  With  continued  dox  treatment, 
arterial  PO2  in  IKTA  mice  decreased  to  50.3  ±  2.81  mmHg  by  day  7  and  PCO2  increased  to  30.5 
+  4.33  mmHg.  Arterial  oxygen  saturation  decreased  from  99  ±  0.1%  at  baseline  to  81±2.7% 
after  7  days  of  dox  treatment  in  IKTA  mice  (p<0.001).  WT  controls  with  indwelling  carotid 
artery  catheters  treated  with  dox  for  1  week  did  not  show  any  changes  from  baseline  in  arterial 
PO2,  PCO2,  or  arterial  oxygen  saturation  (not  shown). 

Continued  dox  treatment  resulted  in  substantial  mortality  in  IKTA  mice  between  1  and  2 
weeks  (Fig.  3b).  In  2  separate  lines  of  IKTA  mice,  mortality  rates  of  60  and  70%  were  found  by 
2  weeks  of  dox  treatment,  whereas  no  mortality  was  observed  in  WT  control  mice  treated  with 
dox  for  2  weeks.  Taken  together,  these  studies  demonstrate  that  persistent  induction  of  NF-kB  in 
airway  epithelial  cells  is  sufficient  to  cause  lung  inflammation  and  injury.  Lung  injury  in  this 
model  results  in  progressive  hypoxemia  with  a  high  mortality  rate. 
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Construction  and  characterization  of  transgenic  mice  that  express  a  dominant  inhibitor  of  NF-kB 
in  airway  epithelium. 

We  placed  a  Myc-His  tagged  dominant  inhibitor  of  the  NF-kB  pathway  (IkB-oDN)  under 
control  of  the  (tet-0)7-CMV  promoter  (Fig.  4a).  IkB-oDN  is  an  avian  hcB-a  with  adenine 
substitutions  at  serines  36  and  40  that  inhibit  phosphorylation  and  degradation  of  the  protein, 
therefore  blocking  NF-kB  nuclear  translocation8,14'15.  Double  transgenic  mice  containing  (tet- 
0)7-lKB-aDN-Myc-His  and  CC-10-tTS  constructs  were  produced  and  cross-mated  with  CC10- 
rtTA  mice  to  create  triple  transgenic  mice  with  inducible  expression  of  iKB-aDN-Myc-His  in 
airway  epithelium,  designated  DNTA  (for  IkB-<xDN  Trans  Activated).  As  with  IKTA  mice,  dox 
treatment  resulted  in  transgene  expression  exclusively  in  the  lungs  (Fig.  4b).  No  leakiness  of 
transgene  expression  was  identified  in  the  absence  of  dox.  Immunohistochemistry  for  the  Myc 
tag  on  IkB-oDN  localized  transgene  expression  to  the  airway  epithelium  in  dox-treated  mice  (not 
shown).  Lungs  of  dox-treated  DNTA  mice  were  histologically  nonnal. 

To  show  that  IkB-oDN  expression  was  sufficient  to  block  NF-kB  activation  in  DNTA 
mice,  we  crossed  IKTA  and  DNTA  mice  to  obtain  mice  that  inducibly  expressed  both  transgenes 
(cIKK2  and  IKB-aDN-Myc-His).  Figure  4c  shows  that  dox  treatment  of  these  mice  (IKDNTA) 
results  in  suppression  of  lung  inflammation  induced  by  cIKK2.  These  experiments  indicate  that 
expression  of  IkB-<xDN  in  epithelium  inhibits  NF-kB  activation  and  confirm  that  cIKK2-induced 
lung  inflammation  is  transduced  through  activation  of  the  NF-kB  pathway. 

Prevention  of  acute  lung  injury  by  blocking  NF-kB  activation  in  airway  epithelium. 

We  investigated  whether  blocking  NF-kB  activation  in  airway  epithelium  could  reduce 
lung  injury  resulting  from  delivery  of  E.  coli  endotoxin  (lipopolysaccharide,  LPS)  (8  pg/hour) 
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into  the  peritoneum  over  24  hours  via  a  surgically  implanted  osmotic  pump9.  We  have  recently 
reported  that  this  model  results  in  persistent  lung  NF-kB  activation  that  prominently  involves 
airway  epithelium9.  For  these  studies,  we  treated  WT  or  DNTA  mice  with  dox  for  1  week, 
followed  by  implantation  of  the  LPS  pump.  At  4  hours  after  osmotic  pump  implantation,  NF-kB 
activation  was  reduced  in  DNTA  mice  as  indicated  by  western  blots  for  RelA  in  lung  nuclear 
protein  extracts  (Fig.  5a).  At  48  hours  after  implantation,  WT  mice  exhibited  histological 
evidence  of  lung  injury  with  edema  and  inflammatory  cell  influx,  which  was  markedly  reduced 
in  DNTA  mice  (Fig  5b).  Consistent  with  these  findings,  lung  lavage  neutrophils  were  reduced  in 
DNTA  mice  (Fig.  5c).  In  addition,  total  lung  lavage  cells  were  lower  in  dox-treated  DNTA  mice 
than  controls  at  48  hours  after  placement  of  LPS  pumps  (16.5  ±  1.6  x  104  cells  in  DNTA  mice 
compared  with  35.0  ±  4.6  x  104  cells  in  WT  mice,  n  =  10  per  group,  p<0.01).  Evidence  of  lung 
injury  was  reduced  in  dox-treated  DNTA  mice  as  indicated  by  a  reduction  in  lung  wet/dry  ratio 
and  lung  lavage  protein  concentration  compared  to  dox-treated  WT  mice  (Figs.  5d  and  5e).  WT 
and  DNTA  mice  treated  with  LPS  pumps  in  the  absence  of  dox  treatment  showed  lung 
inflammation  and  wet/dry  ratios  that  were  similar  to  dox-treated  WT  mice  (data  not  shown).  No 
differences  in  peripheral  white  blood  cell  counts  were  identified  between  WT  or  DNTA  mice 
(with  or  without  dox)  at  baseline,  4  hours,  or  48  hours  after  placement  of  LPS  pumps  (data  not 
shown). 

We  performed  multiplex  cytokine  analysis  to  evaluate  the  effects  of  epithelial  NF-kB 
inhibition  on  the  mediator  profile  in  lung  lavage  fluid  obtained  at  the  time  of  harvest 
(Supplemental  table  2).  Levels  of  MIP-2  and  KC  were  lower  in  dox-treated  DNTA  mice  than 
in  dox-treated  WT  mice,  consistent  with  the  reduced  neutrophilic  lung  inflammation  observed  in 
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these  mice.  Other  mediators  reduced  in  DNTA  mice  included  RANTES,  MIP-ip,  MCP-1,  G- 
CSF  and  GM-CSF. 

To  determine  whether  reduced  lung  injury  in  DNTA  mice  could  lead  to  improved 
survival,  we  performed  peritoneal  implantation  of  osmotic  pumps  that  deliver  LPS  (8  pg/hour) 
for  72  hours  into  dox-treated  WT  and  DNTA  mice.  As  shown  in  figure  5f,  delivery  of  LPS  over 
72  hours  resulted  in  50%  mortality  in  WT  mice  at  day  7;  however,  DNTA  mice  were  completely 
protected.  Together,  these  experiments  show  that  expression  of  a  dominant  inhibitor  of  the  NF- 
kB  pathway  in  airway  epithelium  blocks  acute  lung  injury  and  improves  survival  from  systemic 
endotoxemia.  Therefore,  persistent  activation  of  the  NF-kB  pathway  in  airway  epithelial  cells  is 
not  only  sufficient  to  produce  lung  injury  but  is  also  a  focal  point  for  controlling  acute  lung 
injury  in  the  clinically  relevant  setting  of  endotoxemia. 
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Discussion 


These  studies  define  a  pivotal  role  for  the  NF-kB  pathway  in  lung  inflammation  and 
injury.  Persistent  expression  of  cIKK2  in  epithelial  cells,  in  the  absence  of  an  additional 
stimulus,  induces  cytokine  expression,  inflammatory  cell  recruitment,  lung  injury,  hypoxemia, 
and  death.  Lung  histopathology  in  this  model  largely  recapitulates  the  findings  in  patients  with 
ARDS.  Studies  in  transgenic  mice  cross-bred  to  express  both  cIKK2  and  IkB-oDN,  which 
functions  downstream  of  cIKK2,  support  the  conclusion  that  the  phenotype  observed  in  dox- 
treated  IKTA  mice  is  directly  related  to  activation  of  the  NF-kB  pathway  in  epithelial  cells.  Dox 
treatment  of  cultured  tracheal  epithelial  cells  from  IKTA  mice  up-regulates  expression  of  a  group 
of  cytokines  and  chemokines  that  are  found  in  the  lungs  of  dox-treated  IKTA  mice,  indicating 
airway  epithelium  as  a  source  for  these  mediators.  In  addition  to  direct  effects  of  cIKK2 
expression  in  airway  epithelium,  recruitment  and  activation  of  inflammatory  cells  (particularly 
neutrophils  and  macrophages)  likely  contribute  to  the  mediator  profile  identified  in  lung  lavage 
of  IKTA  mice  and  participate  in  lung  injury.  In  IKTA  mice,  lung  inflammation  and  injury  are 
progressive.  Evidence  of  inflammation  and  edema  are  present  by  3  days  of  dox  treatment, 
followed  by  impaired  gas  exchange  and  death  after  as  little  as  7  days  of  dox  treatment.  Since  the 
onset  of  detectable  transgene  expression  occurs  by  24-48  hours  after  adding  dox  to  drinking 
water  (data  not  shown),  induction  of  lung  injury  in  dox-treated  IKTA  mice  occurs  in  a  time 
frame  similar  to  that  observed  in  our  endotoxemia  model.  Systemic  delivery  of  LPS  via 
intraperitoneal  osmotic  pump  results  in  neutrophilic  lung  inflammation  and  edema,  both  of 
which  were  markedly  reduced  in  DNTA  mice.  Together,  our  studies  indicate  that  prolonged 
activation  of  NF-kB  in  airway  epithelium  is  necessary  and  sufficient  to  produce  progressive  lung 
injury. 
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While  much  attention  has  been  focused  on  the  NF-kB  pathway  in  immune  cells,  prior 
investigations  have  suggested  that  activity  of  the  NF-kB  pathway  in  epithelial  cells  can  impact 
organ  inflammation  and  injury.  In  the  lungs,  expression  of  NF-kB  activating  transgenes 
delivered  by  adenoviral  vectors  to  airway  epithelial  cells  results  in  acute  neutrophilic 
inflammation14.  Transgenic  mice  expressing  a  dominant  inhibitor  of  the  NF-kB  pathway  in 
CC10  expressing  airway  epithelial  cells  or  surfactant  protein  C  expressing  distal  epithelial  cells 
exhibit  decreased  neutrophilic  lung  inflammation  in  response  to  airway  instillation  of  E.  coli 
LPS16’17.  In  the  gastrointestinal  tract,  selective  deletion  of  IKK2  in  intestinal  epithelial  cells 
impairs  NF-kB  activation  and  results  in  decreased  lung  and  systemic  inflammation  in  a  gut 
ischemia-reperfusion  model  through  reduction  of  TNFa  expression  .  However,  local  tissue 
injury  in  the  intestinal  mucosa  was  exacerbated  in  this  model  related  to  increased  apoptosis.  In 
combination  with  the  present  study,  these  findings  point  to  the  NF-kB  pathway  in  epithelial  cells 
as  an  important  target  for  therapies  designed  to  modulate  inflammation-induced  tissue  injury. 

In  humans  with  ARDS,  evidence  supports  the  role  of  NF-kB  dependent  mediators  in 
inducing  lung  injury,  although  the  cellular  source  of  these  mediators  is  not  well  defined.  A 
variety  of  NF-kB  linked  cytokines  and  chemokines  has  been  reported  to  be  increased  in  lung 
lavage  fluid  obtained  from  patients  with  ARDS,  including  TNFa,  IL-lp,  IL-6,  and  IL-8  3,19,2°. 
Increased  concentrations  of  IL-8,  the  predominant  CXC  chemokine  in  humans,  are  found  in  lung 
lavage  of  at-risk  patients  who  progress  to  ARDS,  and  high  levels  of  IL-8  and  neutrophils  in  lung 
lavage  have  been  correlated  with  increased  mortality  in  ARDS  patients  '  .  Our  mouse  model 
indicates  that  prolonged  activation  of  NF-kB  is  sufficient  to  produce  an  inflammatory  profile 
similar  to  human  ARDS,  as  well  as  the  pathophysiological  and  histological  abnonnalities.  These 
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findings  solidify  the  NF-kB  pathway  as  an  important  therapeutic  target  for  interventions  targeted 
to  limit  lung  injury  in  ARDS. 

In  summary,  our  findings  implicate  the  NF-kB  pathway  in  airway  epithelial  cells  in  lung 
injury.  Persistent  NF-kB  activation  in  epithelium  may  drive  the  dysregulated  inflammatory 
response  that  culminates  in  ARDS.  While  interventions  that  reduce  inflammation  by  blocking 
NF-kB  activation  in  epithelium  must  be  rigorously  examined  to  define  their  effects  on  host 
defense,  the  airway  epithelium  may  prove  to  be  an  important  and  feasible  target  for  reducing  or 
preventing  lung  injury  in  patients  at  risk  for  ARDS. 
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Methods 


Transgenic  mouse  models. 

IKTA  transgenic  mice:  The  pBSIIFlag-IKK2  plasmid  containing  FLAG-cIKK2,  a 
constitutively  active  form  of  human  IKK2  containing  S177E,  S181E  mutations,  was  a  gift  of  Dr. 
Frank  Mercurio  (Signal  Pharmaceutical,  San  Diego,  CA).  This  plasmid  was  digested  with  BssH 
II  to  obtain  a  fragment  containing  the  FLAG-IKK2.  The  ends  of  this  fragment  were  filled  in  prior 
to  ligation  into  the  EcoRV  site  of  a  modified  pBluescript  II  SK  expression  vector  (pBSII 
KS/Asc).  This  vector  contains  a  (tet-0)7-CMV  promoter  that  consists  of  seven  copies  of  the  tet 
operator  DNA  binding  sequence  linked  to  a  minimal  CMV  promoter  together  with  bovine 
growth  honnone  polyadenylation  sequences  to  ensure  transcript  tennination.  The  final  plasmid 
((tet-0)7-FLAG-cIKK2-BGH.polyA)  was  verified  by  sequencing.  To  prevent  basal  leakiness, 
we  used  a  construct  expressing  a  tetracycline-controlled  transcriptional  silencer  (tTS)  under 
control  of  the  CC10  promoter  (CC10-tTS-hGH-polyA)12.  The  (tet-0)7-FLAG-cIKK2 
microinjection  fragment  was  excised  from  the  plasmid  as  a  3.3kb  Xmnl-AscI  fragment.  We 
purified  both  CClO-tTS  and  (tet-0)7 -FLAG-cIKK2  constructs  using  a  GELase™  Agarose  Gel- 
Digesting  preparation  kit  following  the  manufacturer’s  instruction  (Epicentre,  Madison,  WI),  and 
these  constructs  were  co-injected  at  the  Vanderbilt  transgenic/ES  cell  shared  resource  to  generate 
transgenic  lines  of  mice  (FVB  background)  that  have  co-integrated  both  the  CClO-tTS  and  (tet- 
0)7-FLAG-cIKK2  transgenes.  Genotyping  of  founder  animals  was  performed  by  Southern  Blot 
and  later  stages  of  genotyping  were  performed  by  PCR  analysis.  Primers  used  for  PCR  of  the 
(tet-0)7-FLAG-cIKK2  transgene  are  as  follows:  5 ’-primer  (located  in  the  CMV  minimal 
promoter)  5’-GAC  GCC  ATC  CAC  GCT  GTT  TTG-3’;  3’  primer  (located  in  the  cIKK2  coding 
region)  5’-CTT  CTC  ATG  ATC  TGG  ATC  TCC-3’.  The  product  size  is  452  bp.  Primers  used 
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for  identification  of  cclO-tTS  transgene  are  as  follows:  upstream  5’-  GAG  TTG  GCA  GCA  GTT 
TCT  CC-3’;  downstream  5’-GAG  CAC  AGC  CAC  ATC  TTC  AA-3’.  The  product  size  is  472  bp. 
PCR  protocols  for  both  (tet-0)7-FLAG-cIKK2  and  CClO-tTS  were:  1  cycle  94°C  for  2  min;  30 
cycles  at  94°C  for  1  min,  56°C  for  30  seconds  and  72°C  for  1  min;  and  1  cycle  at  72°C  for  10  min. 
Mice  transgenic  for  CC10-tTS/(tet-O)7-FLAG-cIKK2  were  mated  with  cclO-rTTA  homozygous 
mice  (gift  from  Dr.  Jeffrey  A.  Whitsett,  University  of  Cincinnati)  to  obtain  transgenic  mice 
carrying  all  three  transgenes,  designated  IKTA  mice.  IKTA  mice  from  3  separate  founder  lines 
were  used  for  these  studies. 

DNTA  transgenic  mice:  In  order  to  tag  the  IkB-cx  dominant  inhibitor  (hcB-aDN)8'14,15,  a 
1.35kb  BamHI/Dral  fragment  was  excised  from  pCMX-pp40  and  blunt-end  ligated  into 
BamHI/EcoRV  digested  pEF4/Myc-HisA  (Invitrogen  Corp,  CA).  The  iKB-aDN-Myc-His 
tagged  fragment  was  then  excised  by  BamHI  digest,  fill-in  of  the  overhanging  ends  and  Pme  I 
digestion.  The  resulting  fragment  was  blunt-end  ligated  into  the  pBSII  KS/Asc  vector  described 
above  which  had  been  PstI  digested  and  filled  in.  Plasmid  constructs  were  verified  by  sequencing. 
A  2. 1  kb  AscI  microinjection  fragment  was  prepared  and  co-injected  with  the  CClO-tTS 
microinjection  fragment  as  described  above  at  the  Vanderbilt  transgenic/ES  cell  shared  resource 
to  generate  transgenic  lines  of  mice  (FVB  background)  that  have  co-integrated  both  the  CC10- 
tTS  and  (tet-0)7-lKB-aDN-Myc-His  transgenes.  Genotyping  of  founder  animals  was  perfonned 
by  Southern  Blot  and  later  stages  of  genotyping  were  performed  by  PCR  analysis.  Primers  used 
for  PCR  of  the  (tet-0)7-lKB-aDN-Myc-His  transgene  are  as  follows:  sense-primer  5’-  TGA  GGA 
TGA  GGA  GAG  CAG  TGA  ATC  -3’;  antisense  primer  5’-  CAC  CCC  CCA  GAA  TAG  AAT 
GAC  AC  -3’.  The  product  size  is  422  bp.  Primers  used  for  identification  of  CClO-tTS  transgene 
(as  above).  PCR  protocols  for  (tet-0)7-lKB-aDN-Myc-His  was:  1  cycle  95°C  for  4  min;  30  cycles 
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at  95°C  for  30  secs,  55°C  for  30  seconds  and  72°C  for  1  min;  and  1  cycle  at  72°C  for  10  min. 
Mice  transgenic  for  CC10-tTS/(tet-O)7-lKB-aDN-Myc-His  were  mated  with  CClO-rTTA 
homozygous  mice  to  obtain  transgenic  mice  carrying  all  three  transgenes,  designated  DNTA 
mice.  DNTA  mice  from  two  separate  founder  lines  were  used  for  these  studies. 

Doxycycline  (dox)  treatment:  All  IKTA  or  DNTA  mice  (or  appropriate  controls)  were 
maintained  on  normal  water  until  transgene  activation  was  desired.  At  that  time,  2  g/1  of  freshly 
prepared  dox  (Sigma)  was  added  to  the  animals’  drinking  water.  2%  sucrose  was  also  added  to 
decrease  the  bitter  taste  of  dox  water.  The  bottle  with  dox  and  2%  sucrose  water  was  wrapped 
with  foil  to  prevent  light-induced  dox  degradation  and  dox  water  was  replaced  twice  per  week. 

LPS  pump  model.  Male  and  female  mice  weighing  between  20-25  grams  were  used  for  these 
studies.  Escherichia  coli  LPS  (serotype  055 :B5)  was  obtained  from  Sigma- Aldrich  (St.  Louis, 
MO).  LPS  was  delivered  by  an  osmotic  pump  (200 ID  Alzet  pump,  Alza  Corporation,  Palo  Alto, 
CA)  filled  with  LPS  solution  (1  pg/pl  in  PBS)  and  surgically  implanted  in  the  peritoneal  cavity 
using  sterile  technique.  The  pump  delivered  8  pg  LPS  (8  pi)  per  hour  for  24  hours.  In  some 
experiments,  osmotic  pumps  (1003D)  were  used.  These  pumps  were  filled  with  LPS  solution  (8 
pg/pl  in  PBS)  to  deliver  8  pg  per  hour  (1  pl/hour)  over  72  hours.  A  priming  dose  of  3  pg  LPS 
per  gram  body  weight  was  injected  IP  following  pump  implantation. 

Implantation  of  carotid  artery  catheter  and  blood  gas  analysis.  The  common  carotid  artery  was 
separated  from  the  vagus  nerve  and  muscle,  and  then  two  6-0  silk  threads  were  passed  under  the 
artery.  The  cephalic  thread  was  tied  to  prevent  bleeding  and  then  the  artery  was  clamped  by 
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small  bulldog  clamp.  A  small  incision  was  made  just  below  the  ligature  and  the  catheter  was 
inserted  into  the  lumen.  The  clamp  was  taken  off  and  the  catheter  was  pushed  in  10  mm.  The 
catheter  was  fixed  with  a  second  thread  and  the  thread  previously  used  to  prevent  bleeding.  A 
blunt  16  gauge  needle  was  carefully  inserted  through  the  incision  and  pushed  subcutaneously 
until  the  end  protruded  through  the  incision  in  the  neck.  The  incision  in  the  skin  was  then 
sutured  and  the  catheter  was  connected  to  a  stainless  steel  tube.  The  implanted  catheter  was 
flushed  with  saline  containing  200  IU  heparin/ml  and  1  mg  ampicillin/ml  every  day.  For  blood 
gas  analysis,  100  pi  of  arterial  blood  was  collected  via  the  catheter  and  immediately  placed  in  ice. 
Blood  gas  analysis  was  done  using  an  ABL-5  blood  gas  machine  (Radiometer  America, 

Westlake,  OH)  at  37  °C.  Prior  to  each  measurement,  the  blood  gas  machine  was  calibrated  with 
a  standard  solution. 

Lung  histology  and  immunohistochemistry.  Lungs  were  inflated  and  fixed  with  1  ml  of  10% 
formalin  and  then  were  removed  en  bloc  after  tracheal  ligation.  For  immunohistochemical 
analysis,  5  um  paraffin  sections  were  deparaffinized,  dehydrated,  washed  with  PBS,  treated  with 
0.05%  trypsin  and  incubated  with  1%  bovine  serum  albumin  in  PBS  for  20  min.  prior  to 
incubation  with  rabbit  polyclonal  anti-FLAG  antibody  (Rockland  Inc.,  Gilberstville,  PA)  or 
rabbit  polyclonal  anti-myc  antibody  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  After 
incubation  with  primary  antibody,  a  standard  ABC  complex  protocol  (Vectastain  ABC  kit, 

Vector  Laboratories,  Burlingame,  CA)  using  anti-rabbit  secondary  antibodies  was  used. 

Electrophoretic  mobility  shift  assay  (EMSA).  Tissue  nuclear  proteins  were  extracted  from  whole 
lung  tissue  by  the  method  described  previously24.  After  preparation  of  nuclear  protein  extract, 
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EMSA  for  NF-kB  binding  activity  was  performed  using  oligonucleotides  containing  a  consensus 
NF-kB  binding  sequence  (5’-AGT  TGA  GGG  GAC  TTT  CCC  AGG  C-3’). 

Western  blot  analysis.  Protein  extracts  from  tissue  homogenates  (100  pg)  were  separated  on  a 
polyacrylamide  gel  and  transblotted  for  detection  of  FFAG-cIKK2  or  iKB-aDN-Myc-His.  For 
FFAG-cIKK2,  proteins  were  separated  on  a  10%  acrylamide  gel  and  anti-FFAG  antibodies  (anti- 
FFAG  conjugated  with  HRP  M2  monoclonal  antibody,  Sigma- Aldrich,  St.  Fouis,  MO)  were 
used.  Horseradish  peroxidase  was  detected  by  chemoluminescence  using  Fumi-FightPLUS 
western  blotting  substrate  (Roche  Diagnostics,  Indianapolis,  IN).  For  IKB-aDN-Myc-His, 
proteins  were  separated  on  a  12%  polyacrylamide  gel  and  monoclonal  anti-myc  antibodies 
(Sigma)  were  used  for  immunodetection.  For  detection  of  RelA  in  lung  tissue  nuclear  protein 
fractions,  nuclear  proteins  were  prepared  as  described  ,  20  pg  protein  was  separated  on  a  10% 
acrylamide  gel,  and  RelA  was  immunodetected  using  rabbit  polyclonal  anti-RelA  antibodies 
(Santa  Cruz  Biotechnology).  TATA  binding  protein  was  detected  as  a  loading  control  using 
specific  antibodies  (Santa  Cruz  Biotechnology). 

RNA  isolation  and  Ribonuclease  Protection  Assay  (RPA).  Fung  tissue  was  homogenized  in 
Trizol  Reagent  (Invitrogen  Fife  Technologies,  Inc.,  Carlsbad,  CA)  and  RNA  was  isolated 
following  manufacturer’s  instructions.  RPA  employing  chemokine  template  mCK-5  was  done 
with  the  RiboQuant  multiprobe  RPA  system  (BD  pharMingen,  San  Diego,  CA)  according  to  the 
manufacturer’s  direction. 
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Total  and  differential  cell  counts  and  protein  measurement  in  lung  lavage.  Lung  lavage  was 
performed  with  3  aliquots  of  800  pi  sterile  nonnal  saline.  Fluid  was  combined  and  centrifuged  at 
400x  g  for  10  min  to  separate  cells  from  supernatant.  Supernatant  was  stored  at  -70  °C  for 
cytokine  and  chemokine  measurements.  The  total  and  differential  cell  counts  were  done  as 
previously  described15.  Protein  concentration  was  quantified  using  the  Bradford  assay  (Bio-Rad, 
Hercules,  CA). 

Lung  wet/dry  ratio  measurement.  Lungs  were  removed  and  the  wet  weight  recorded.  Lungs 
were  then  placed  in  an  incubator  at  65°C  for  48  hours  and  the  dry  weight  was  detennined. 

Cytokine  and  chemokine  measurements.  Measurement  of  cytokines  and  chemokines  in  lung 
lavage  fluid  and  cell  culture  supernatant  was  done  using  the  Bio-plex™  mouse  cytokine  23-plex 
kit  (Bio-Rad,  Hercules,  CA)  following  manufacturer’s  direction  and  using  T  .urn  in  ex  technology. 
MIP-2  and  KC  levels  were  measured  using  a  specific  ELISA  according  to  manufacturer’s 
instructions  (R&D  System,  Minneapolis,  MN) 

Tracheal  epithelial  cell  culture.  Mouse  tracheal  epithelial  cell  (MTEC)  culture  was  done  by 
following  the  previously  published  protocol  with  minor  modification  .  After  removing  muscle 
and  vessels,  tracheas  were  incubated  in  Ham's  F-12  pen-strep  containing  1.5  mg/ml  pronase 
(Roche  Molecular  Biochemicals,  Indianapolis,  IN)  for  18  h  at  4  °C  to  dislodge  the  epithelial  cells. 
Cells  were  treated  with  0.5  mg/ml  crude  pancreatic  DNase  I  (Sigma-Aldrich)  on  ice  for  5  min. 
After  incubation  in  tissue  culture  plates  (Becton-Dickinson  Labware,  Franklin  Lakes,  NJ)  for  3-4 
h  in  5%  COt  at  37  °C  to  adhere  fibroblasts,  nonadherent  cells  were  collected  by  centrifugation. 
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Supported  polycarbonate  and  polyester  porous  (0.4  pM  pores)  membranes  (Transwell;  Coming- 
Costar,  Corning,  NY)  were  coated  with  type  I  rat  tail  collagen  (Becton-Dickinson)  in  0.02  N 
acetic  acid  for  18  h  at  25  °C.  Membranes  were  seeded  with  cells  and  incubated  with  DMEM- 
Ham's  F-12  media  containing  15  mM  HEPES,  3.6  mM  sodium  bicarbonate,  4  mM  L-glutamine, 
100  U/ml  penicillin,  100  pg/ml  streptomycin,  and  0.25  pg/ml  fungizone,  10  pg/ml  insulin, 

5  pg/ml  transferrin,  0.1  pg/ml  cholera  toxin,  25  ng/ml  epidermal  growth  factor  (Becton- 
Dickinson,  Bedford,  MA),  30  pg/ml  bovine  pituitary  extract,  5%  FBS,  and  freshly  added 
0.01  pM  retinoic  acid,  fdling  upper  and  lower  chambers  in  5%  CCF  at  37  °C.  Media  were 
changed  every  2  days  until  the  transmembrane  resistance  ( Rt )  was  >1,000  fl  •  cm',  as  measured 
by  an  epithelial  Ohm-voltmeter  (World  Precision  Instruments,  Sarasota,  FL).  Media  were  then 
removed  from  the  upper  chamber  to  establish  an  air-liquid  interface,  and  lower  chambers  only 
were  provided  fresh  DMEM-Ham’s  F-12  media  supplemented  with  2%  NuSerum  (Becton- 
Dickinson)  and  0.01  pM  retinoic  acid. 

Membrane  cultures  were  prepared  for  scanning  electron  microscopy,  as  previously 
described".  Briefly,  samples  were  fixed  with  2.5%  glutaraldehyde,  stained  with  1.25%  osmium 
tetroxide,  critical  point  dried  under  liquid  carbon  dioxide,  gold  sputter  coated,  and  visualized  on  a 
Hitachi  S-3000N  microscope  (Tokyo,  Japan). 

For  imrnuno fluorescent  detection  of  FLAG-cIKK2  expression,  membranes  were  fixed 
with  4%  paraformaldehyde,  pH  7.4,  for  10  min  at  25  °C,  washed  in  PBS.  A  piece  of  membrane 
was  cut  and  used  for  staining.  Nonspecific  antibody  binding  was  blocked  using  5%  nonspecific 
serum  and  3%  BSA  in  PBS  for  30  min  at  25°C.  Samples  were  incubated  for  18  h  at  4  °C  with 
anti-FLAG  M2-FITC  conjugate  antibody  (Sigma-  Aldrich)  in  blocking  solution.  Membranes 
were  mounted  on  slides  with  Vecta  Shield  (Vector,  Burlingame,  CA)  containing  4', 6  diamidino- 
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2-phenylindole  to  stain  intracellular  DNA.  The  microscopic  images  were  obtained  by  using  a 
Zeiss  LSM  510  confocal  microscope  (Carl  Zeiss). 

Statistical  analysis.  To  assess  differences  among  groups,  analyses  were  performed  with 
GraphPad  Instat  (GraphPad  Software,  San  Diego,  CA)  using  an  unpaired  t  test  or  one-way 
analysis  of  variance  (ANOVA).  Mortality  differences  were  evaluated  using  a  Fisher’s  exact  test. 
Results  are  presented  as  mean  +/-  standard  error  of  the  mean  (SEM).  Two-tailed  p  values  <  0.05 
were  considered  significant. 
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Table  1 


Lung  lavage  cytokine  levels  (pg/ml) 


WT  +  dox 

IKTA  no  dox 

IKTA  ±  dox 

TNFa 

5.6  ±3.4 

4.6  ±4.6 

32.9  ±  11.0 

IL-la 

1.3  ±0.8 

0 

11.0  ±  2.3* 

IL- 1  (3 

0 

0 

40.0  ±  1.6* 

IL-2 

12.6  ±5.8 

8.7  ±  1.6 

25.8  ±0.5 

IL-5 

1.0  ±0.4 

0.6  ±0.6 

12.8  ±  5.7* 

IL-6 

1.4  ±0.9 

1.2  ±0.1 

197.0  ±54.0* 

IL-9 

17.9  ±0 

11.3  ±  10.2 

31.6  ±  2.5 

IL-10 

1.5  ±0.8 

0 

7.4  ±2.6 

IL-12p40 

80.4  ±9.5 

28.2  ±5.9 

258.9  ±  83.3* 

IL-17 

1.1  ±0.6 

1.1  ±0.6 

13.7  ±3.0* 

Eotaxin 

32.1  ±26.3 

44.8  ±22.9 

130.5  ±  18.6 

RANTES 

0 

0 

530.8  ±  106.0* 

MIP-2 

2.0  ±0.6 

0 

35.4  ±  10.7* 

MIP- 1  (3 

10.4  ±0.8 

11.1  ±2.4 

31.8  ±  9.2 

KC 

42.9  ±3.7 

65.3  ±  11.0 

447.5  ±  125.4* 

MCP-1 

22.3  ±  10.1 

12.1  ±  10.1 

567.7  ±  144.2* 

G-CSF 

2.8  ±0.4 

9.6  ±7.1 

94.5  ±9.1* 

GM-CSF 

6.8  ±3.2 

1 1.4  ±  2.9 

37.9  ±  16.6 

Values  measured  by  luminex  or  ELISA  are  presented  as  mean  (±  SEM).  N=3-5  per  group. 
*=p<0.05  compared  with  all  other  groups  by  ANOVA.  Levels  of  IL-3,  IL-4,  IL-12p70,  IL- 13, 


MIP-la,  and  IFNy  were  below  the  limits  of  detection. 
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Figure  Legends 

Figure  1.  Doxycycline-induced  expression  of  FLAG-cIKK2  is  localized  to  lung  epithelial  cells 
and  sufficient  to  activate  NF-kB.  a)  Schematic  for  construction  of  IKTA  transgenic  mice,  b) 
Western  blot  for  FLAG  expression  in  tissue  homogenates  obtained  from  untreated  IKTA  mice, 
triple  transgenic  IKTA  mice  treated  with  dox  for  3  days,  or  double  transgenic  (tet-0)7-FLAG- 
cIKK2/CC10-tTS  mice  treated  with  dox.  Transgene  expression  is  detected  only  in  the  lungs  of 
IKTA  mice  following  dox  treatment,  c)  Immunohistochemistry  for  FLAG  in  lung  tissue  from  an 
untreated  IKTA  mouse  (left  panel)  or  an  IKTA  mouse  treated  with  dox  for  3  days  (right  panel). 
FLAG-cIKK2  staining  (brown  stain)  is  localized  in  airway  epithelial  cells  in  dox-treated  IKTA 
mice,  d)  Electrophoretic  mobility  shift  assay  for  NF-kB  binding  using  lung  nuclear  protein 
extracts  from  WT  control  mice  treated  with  dox  (WT+Dox),  untreated  IKTA  mice  (IKTA-Dox), 
and  IKTA  mice  treated  with  dox  for  3  days  (IKTA+Dox).  Increased  intensity  of  both  NF-kB 
bands  (RelA/p50  and  p50/p50)  is  present  in  the  IKTA+Dox  group. 

Figure  2.  NF-kB  activation  in  airway  epithelium  results  in  progressive  lung  inflammation  and 
injury,  a)  H&E  stained  lung  sections  from  untreated  IKTA  mice  and  IKTA  mice  (line  3)  treated 
with  dox  for  3  or  7  days.  While  untreated  IKTA  mice  have  normal  lung  histology,  a  progressive 
inflammatory  cell  infiltrate  is  observed  at  3  and  7  days  after  dox  treatment,  along  with 
hemorrhage  and  edema  at  7  days,  b)  Total  neutrophils,  macrophages  and  lymphocytes  in  lung 
lavage  from  IKTA  mice  treated  with  dox  for  3  or  7  days  compared  with  WT  mice  treated  with 
dox  for  7  days.  (n=3-4  per  group,  *=p<0.05  compared  with  WT,  **=p<0.05  compared  with  WT 
and  IKTA  mice  treated  with  dox  for  3  days),  c)  Lung  lavage  protein  concentration  in  untreated 
WT  and  IKTA  mice  (Day  0)  and  in  both  groups  after  3  or  7  days  of  dox  treatment.  (n=4  per 


27 


group,  *=p<0.01  compared  with  WT).  d)  Lung  wet/dry  ratios  for  WT  and  IKTA  mice  treated 
with  dox  for  3  days.  (n=3-6  per  group,  *=p<0.01  compared  with  WT). 

Figure  3.  Treatment  of  IKTA  mice  with  dox  results  in  hypoxemia  and  increased  mortality,  a) 
Serial  arterial  blood  gas  measurements  were  obtained  from  indwelling  carotid  artery  catheters. 
PO2  and  PCO2  were  assessed  in  IKTA  mice  at  baseline  and  up  to  7  days  of  dox  treatment.  (n=3-4 
per  time  point,  *=p<0.01  compared  with  baseline),  b)  Mortality  rates  in  mice  from  IKTA  lines  3 
and  31  compared  to  WT  controls  through  14  days  of  dox  treatment.  While  all  WT  mice  survived, 
60%  of  mice  in  IKTA  line  3 1  and  70%  of  mice  in  IKTA  line  3  died  between  day  7  and  14.  (n=10 
mice  per  group). 

Figure  4.  DNTA  transgenic  mice  express  a  dominant  inhibitor  of  the  NF-kB  pathway  in  airway 
epithelium,  a)  Schematic  for  construction  of  DNTA  transgenic  mice,  b)  Western  blot  for  Myc- 
His  tagged  IkB-oDN  expression  in  tissue  homogenates  obtained  from  WT  and  DNTA  mice,  and 
DNTA  mice  treated  with  dox  for  7  days.  Transgene  expression  is  detected  only  in  the  lungs  of 
DNTA  mice  following  dox  treatment,  c)  DNTA  mice  were  crossed  with  IKTA  mice  (line  26)  to 
create  IKDNTA  mice  that  express  both  transgenes.  Total  cell  counts  in  lung  lavage  are  shown 
for  IKTA  mice  (line  26),  DNTA  mice,  and  IKDNTA  mice  following  7  days  of  dox  treatment, 
and  IKDNTA  mice  without  dox  treatment.  The  inflammatory  cell  influx  was  inhibited  in  dox- 
treated  IKDNTA  mice,  indicating  that  expression  of  IkB-oDN  blocks  cIKK2-induced 
inflammation.  (n=3-8  per  group,  *=p<0.05  compared  to  other  groups) 
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Figure  5.  DNTA  mice  are  protected  from  E.  coli  LPS-induced  lung  inflammation  and  injury. 
WT  or  DNTA  mice  were  treated  with  dox  (2  g/1)  in  drinking  water  for  1  week  followed  by 
intraperitoneal  implantation  of  osmotic  pumps  delivering  LPS.  a)  Western  blot  from  lung 
nuclear  protein  extracts  showing  impaired  nuclear  translocation  of  RelA  in  DNTA  mice  at  4 
hours  after  LPS  pump  implantation  (DNTA+LPS)  compared  to  WT  mice  (WT+LPS).  Samples 
from  DNTA  mice  and  WT  mice  without  LPS  pumps  are  shown  as  controls.  TATA  binding 
protein  (TBP)  was  identified  as  a  loading  control,  b)  H&E  stained  lung  sections  from  WT  and 
DNTA  mice  harvested  48  hours  after  intraperitoneal  placement  of  pumps  that  deliver  LPS 
continuously  for  24  hours.  Lung  inflammation  and  edema  were  markedly  reduced  in  dox-treated 
DNTA  mice,  c)  Lung  lavage  neutrophils  obtained  at  48  hours  after  LPS  pump  placement.  (n=10 
per  group,  *=p<0.05).  d)  Lung  wet/dry  ratios  for  WT  and  DNTA  mice  treated  with  LPS  pumps, 
presented  as  increase  above  untreated  controls.  (n=10  per  group,  *=p<0.01).  e)  Lung  lavage 
protein  concentration  in  untreated  WT  mice  and  WT  and  DNTA  mice  at  48  hours  after  treatment 
with  LPS  pump  (n=6  per  group,  *=p<0.05  compared  with  untreated  mice  and  LPS  pump-treated 
DNTA  mice),  f)  Mortality  rates  in  dox-treated  WT  and  DNTA  mice  following  intraperitoneal 
implantation  of  osmotic  pumps  that  deliver  LPS  at  8  pg/hour  over  72  hours.  (n=10  per  group, 
*=p<0.05). 
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Supplemental  Table  1 


Mediator  Concentration  in  mouse  tracheal  epithelial  cell 
(MTEC)  supernatant  (pg/ml) 


IKTA 

IKTA+dox 

IL-la 

0 

6(4) 

IL-ip 

0 

6(1) 

IL-6 

11(3) 

554  (102)* 

IL-12  (p70) 

0 

0 

G-CSF 

3247  (199) 

9366 (460)* 

GM-CSF 

236  (61) 

3816(280)* 

MIP-la 

0 

0 

MIP-2 

121  (8) 

833  (5)* 

KC 

9859  (507) 

15908  (434)* 

RANTES 

242  (78) 

14267  (632)* 

TNFa 

0 

0 

IFN-y 

0 

0 

Values  measured  by  luminex  or  ELISA  are  presented  as  mean  (±  SEM).  N=3  per  group. 
*=p<0.05  compared  with  IKTA  cells  (without  dox  treatment). 


Supplemental  Table  2 


Mediators  in  lung  lavage  at  48  hours  after  implantation  of  LPS 

pump  (pg/ml) 


WT  mice 

DNTA  mice 

TNFa 

22.7  ±  17.7 

1.2  ±0.5 

IL-la 

81.1  ±9.3 

61.1  ±6.2 

IL-1|3 

10.2  ±6.1 

3.7  ±  1.6 

IL-2 

24.2  ±2.4 

12.4  ±4.1* 

IL-3 

2.7  ±0.6 

1.0  ±  0.5 

IL-5 

3.6  ±1.1 

1.6  ±0.3 

IL-6 

16.2  ±2.2 

9.3  ±2.2 

IL-9 

170.0  ±31.0 

93.0  ±20.0 

IL-10 

7.7  ±2.8 

0 

IL-12p40 

65.2  ±  19.1 

49.0  ±  10.4 

IL-12p70 

8.6  ±3.8 

4.1  ±2.0 

Eotaxin 

76.0  ±39.3 

10.7  ±  10.4 

RANTES 

31.8  ±  2.8 

19.1  ±  3.0* 

MIP-2 

21.9  ±  3.2 

4.1  ±  1.5* 

MIP-13 

33.8  ±8.9 

8.9  ±2.6* 

KC 

696  ±  77 

290  ±36* 

MCP-1 

668  ±  134 

288  ±59* 

G-CSF 

16,597  ±5,651 

2,729  ±  509* 

GM-CSF 

23.3  ±5.3 

9.7  ±2.5* 

IFNy 

8.7  ±5.4 

6.0  ±3.0 

Values  measured  by  luminex  or  ELISA  are  presented  as  mean  (±  SEM).  N=6  mice  per 
group.  *=p<0.05  compared  with  WT+  dox  group  treated  with  LPS  pump.  Levels  of  IL-4, 


IL-13,  IL-17,  and  MIP-la  were  below  the  limits  of  detection. 


